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ABSTRACT 
 
Eighteen angiospermous species of plants were assayed for tolerance of Hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX). Plants were grown in RDX soil treatments of 100, 500, 
and 1000 mg per kg for 60 days. Tolerance of RDX, expressed as a mean percentage of con-
trol dry mass, was greatest for Amaranthus retroflexus L. (pigweed) (110%-166%), Ipomoea 
jaegeri Pilg (morning glory) (57%-146%), and Coronilla varia L. (crown vetch) (61%-82%). 
Tolerance of RDX was least for Eschscholzia californica Cham. (California poppy) (6%-
29%), Datura stramonium L. (jimson weed) (16%-38%), and Amaranthus caudatus L. (love 
lies bleeding) (16%-21%).  
 Results indicate that soil RDX is toxic at levels of 100 to 1000 mg per kg, similar to 
levels found in soils on military sites. RDX reduced root biomass more than shoot biomass 
and reduced the plant's cellular water content, yielding leaves that were thin and malleable. 
Considerable variation in tolerance to RDX was found within and among the species and cul-
tivars tested, but not at the level of plant family or genus, indicating the individualistic exist-
ence of genetic traits imbuing tolerance to RDX.  
 An 15N isotopic shift towards that of synthetic RDX in leaf tissue of four species of 
plants grown in RDX-dosed soils indicated that applied RDX was consistently taken up into 
the plants. 
Quantities of RDX breakdown compounds occurred only at levels near the lower de-
tection limit by HPLC. Breakdown compounds were found in leaf tissue of a subset of four 
angiospermous species, suggesting that RDX breakdown compounds do not occur in large 
pools in plant tissue because of rapid turnover in soil or plant, or spontaneous degradation of 
unstable primary breakdown compounds.  
The mean amounts of RDX taken up per plant for selected forb species, ranked from 
greatest to least amount, and with the corresponding soil RDX concentrations were: C. varia 
(36.0 mg per plant at 1000 mg per kg), E. californica (8.8 mg per plant at 500 mg per kg), 
and Tropaeolum majus L. (nasturtium) (6.0 mg per plant at 500 mg per kg). These results in-
dicate that some angiospermous plants have superior potential for use in phytoremediation of 
RDX contaminated soils.  
 Sida spinosa L. (prickly sida), a member of the Malvaceae family, was the only plant 
that produced red pigmentation at leaf margins and interveinal chlorosis in greenhouse stud-
ies. A threshold level of 160 mg per L of RDX in soil solution was necessary for the red color 
change to be visible. This coloration occurred only at the normal time of flowering, approxi-
mately 70 days after seed germination (60 days of growth in soil at various RDX treatment 
levels). The red pigments in S. spinosa are probably anthocyanins, the only red pigment oc-
curring in plants of the family Malvaceae. Three other members of the Malvaceae family 
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were exposed to the same RDX-treatment regimes as S. spinosa but did not produce red pig-
mentation of leaf margins at the time of flowering.  
 Varying plant densities in a pot; soil dosing with TNT; mechanical injury to leaves; 
hormonal treatment with ABA, gibberellins and cytokinins; water deprivation; flooding; and 
supplying nitrogen fertilizer all failed to induce visible red pigmentation of flowering S. spi-
nosa leaf tissue in plants not treated with RDX. Nor did these environmental/chemical treat-
ments induce any interactions with respect to red pigmentation of plants grown in RDX treat-
ed soil, with the exception of a one-week extended period of pigmentation in plants that 
received flooding treatments.  
 Results indicate potential for the use of S. spinosa reddening as a bioindicator to iden-
tify and assess soil and water contaminated with RDX under either controlled or field condi-
tions.  
 
  
iv 
DEDICATION 
 
 
 This work is dedicated to Mary Conrad (1959-2011). Without her love and support, I 
would not have made this journey. Her presence is missed at this time of achievement and 
triumph. 
 It is also dedicated to my parents, Ernest L. “Bill” Hagen and Sammy (Schnapp) Ha-
gen, and all the farmers in the Hagen and Schnapp families who came before me. I miss be-
ing able to celebrate this achievement with them.  
v 
ACKNOWLEDGMENTS 
 Primarily I would like to thank my advisor, Dr. Jeffrey O. Dawson, for his guidance, 
encouragement and patience on this project. To Dr. A. Lane Rayburn, Dr. L. Art Spomer, and 
Dr. David S. Seigler, the other members of my committee, I express my sincere gratitude for 
their knowledge of the project and the insights they offered. I thank Dr. Richard E. Warner, 
without whose help I would not have become a student at the University of Illinois.  
 I would like to thank all the undergrad lab assistants who have come and gone over 
the time of my research, especially Alex Mills, Ben Miller, and Nick Jeurissen.  
 Many others have helped me along this path: Dr. Marshal McGlamery and Dr. George 
F. Czapar with the University of Illinois Extension/Off Campus Program, both of whom I had 
the pleasure of taking classes from a very long time ago, and also Dr. Robert Hanie and Mr. 
Claude Oberheim, who was at that time teaching at Lincoln Land Community College. These 
four gentlemen set me upon my present course by encouraging me to expand my mind by 
acquiring knowledge and applying it to find my way through life. Dr. Hans Moll and Ms. 
Kay Stelter, from the School of Continuing Education at Western Illinois University (WIU), 
put me on the path toward my Bachelor's degree. While at WIU, Dr. Danny Terry and Dr. 
Clark McCammon provided much encouragement and support. 
 Dr. Glenn Morris and Mr. Ed Martin were invaluable in their martial arts instruction. 
Through their encouragement, they showed me the path to look inward and not let go of what 
is important.  
 Darren Lindsey for helping me with personal matters while I conducted my research 
and wrote the dissertation. The cats thank him too. 
 Tom Smith, my mentor at the U.S. Army Corps of Engineers (CERL), for believing in 
me, as well as being willing to step out on a limb and put his name on my research ideas. 
 Marcia Powell, typist, grammarian, and "product officer," who pushed me when I 
needed pushing, and stayed the course. 
 Acknowledgement also goes to the following people who have helped me in various 
ways: Dr. Neil Adrian (interested me in the field of explosives), Laura Bauer (HPLC techni-
cian), Joan Cole (for her “magic hands” that kept Jeff and me sane), Cara Day (helped me 
find technical help when I needed it), Andrew Koeser (statistical analyses), Forrest Luhcs 
(for introducing me to the right people at the right time), Stacy McDade (graphics), Dr. Eliz-
abeth Nichols (15N isotope study), Dr. Dean Olson (NMR lab analysis), Vicki Reinhart (final 
editing), and Dr. Ray Zielinski (fluorescence study).  
 Friends, both old and new, are always important when one makes a drastic life change 
such as leaving the workforce to pursue an education. To Mr. Leahy Bennett, Mr. and Mrs. 
Fritz Schewbke, Mr. Frank Winters, Mr. Roy Rambo, Mr. Edward Chong-Ling: words cannot 
adequately express the outpouring of thanks I feel for your continued support over these past 
years. It's been a long haul, but we finally made it!  
vi 
  
TABLE OF CONTENTS  
 
 
 
PREFACE ………………………………………………….……………………………….vii 
 
CHAPTER 1 –INTRODUCTION ……..……………………………………………………..1 
 
CHAPTER 2 – EFFECTS OF RDX CONTAMINATION ON BIOMASS OF FORBS ……6 
 
CHAPTER 3 – RED PIGMENTATION OF SIDA SPINOSA (PRICKLY SIDA) LEAVES 
  GROWN IN SOIL CONTAMINATED WITH RDX ……………..………..17 
 
ABBREVIATIONS AND ACRONYMS ……………………………………….…………..34 
 
BIBLIOGRAPHY …………………………………………………………………….……..37 
 
APPENDIX A – LABORATORY ANALYSIS AND MATERIALS USED ………...….…46 
 
APPENDIX B – FIGURES .……………………….………………………………………..47 
 
APPENDIX C – PATENT INFORMATION ….………………………………...…………68 
 
  
vii 
PREFACE 
 Before returning to school to complete a degree in Agricultural Science, I spent 20 
years farming land that has been in my family for more than three generations. My love of 
plants started early on--for instance my father would do germination “tests” of soybeans, on 
top of the refrigerator. My mother always had a huge garden, which, of course, I helped with 
by weeding, picking peas, shelling beans, searching tomato plants for tomato Hornworms  
 I can document that a member of my family has been involved in every major conflict 
from the Revolutionary War forward. One of my ancestors was an officer in Rogers Rangers 
in the Revolutionary War. My grandfather's brother left college to fight in the Civil War. My 
father is a veteran of the Second World War, so the military heritage in my family runs deep. 
I served in the Army in the early ‘80s; thus I feel comfortable in a military setting--doing re-
search on a military installation, dealing with military personnel, etc. comes easily to me. 
Therefore, to be able to align my military experience with my love for plants in my research 
made it an especially rewarding experience. 
 That my research might help to make training ranges cleaner and safer environments 
brings tremendous satisfaction to me. Also the application of this research may be used to 
clean up Formerly Used Defense Sites (FUDS) as they transition from military to civilian 
use. It also excites me that the end result of some of this research may help to locate 
landmines.  
        Frank L. Hagen 
        Urbana, Illinois 
        July 2013 
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CHAPTER 1 
INTRODUCTION 
Potential Energetics Contamination 
 Contamination of military ranges is an international problem (Clausen et al. 2004). Rang-
es are contaminated with everything from ordnance residue and miscellaneous junk metal to 
spent rocket motors, chemical agents, petroleum products, radioactive compounds, etc. (Penning-
ton et al. 2006). An estimated 50 million acres are contaminated by bombing and training in the 
USA alone (Armstrong 1999a,b). Extensive closing of military bases across the United States 
(over 200 in the past 20 years) has left behind approximately 15,500 square miles (10 million 
acres) of abandoned military land containing residual explosives (energetics) and unexploded 
ordnances (Brentner et al. 2010).  
 Training exercises conducted on live-fire ranges also can result in the development of 
major negative environmental impacts. Range soil is continually exposed to contamination by 
energetics, metals and propellants, yet it is crucial to keep impacts within the carrying capacity of 
the landscape and to control erosion. The United States Department of Defense (DoD) is obligat-
ed by law to minimize or mitigate these environmental impacts. 
 The severity of contamination at virtually all of these sites is unknown, hampering their 
use for additional training, remediation, and, in some cases, release for public access (Clausen et 
al. 2004). The DoD has identified more than 1000 sites with explosives contamination (Figure 
1). Many sites became contaminated through open detonation and burning of explosives at army 
depots, evaluation facilities, artillery ranges, and ordnance disposal sites. Additional sites of con-
tamination include manufacturing and storage facilities. Before the 1980s, waste was often 
dumped in unlined pits and has now contaminated both soil and groundwater (Rodgers and 
Bunce 2001).  
 Current costs of environmental compliance, cleanup, pollution reduction, and conserva-
tion are significant. The development and application of innovative environmental strategies will 
reduce these costs, environmental risks, and/or the time required to resolve environmental prob-
lems in these areas while simultaneously enhancing safety and health. Equally important, these 
technologies serve to pinpoint the location of contamination and reduce or eliminate problems 
before they occur. 
 The main avenue by which energetics contamination affects military ranges are UneX-
ploded Ordnance (UXO), which may be devices that failed to detonate at all (duds) or only par-
tially or incompletely detonated (low order detonation) (Pennington et al. 2006). In either case, 
the housings/casing of such devices may be breached and allow energetic ingredients to leak into 
the environment. These cause localized patches of high-level contamination which can leach 
through soils and into aquifers. 
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 The use of ordnance continues to pollute soil and water in the U.S. and worldwide. Fur-
thermore, these energetic compounds have contaminated groundwater (Funk et al. 1993); their 
residues are known to accumulate in soils on military ranges. Live fire training and testing ranges 
are placed at risk by the transport of Off Range Contaminants (ORC) through a variety of envi-
ronmental pathways. 
 The current understanding of, and research on, ORC transport and degradation has not 
focused on environmental interactions. However, concern regarding the migration of these con-
taminants to adjacent areas and through the soil profile to groundwater is mounting. Ecosystem 
components, such as vegetative cover and soil types, play important roles in determining poten-
tial pathways a contaminant might take after deposition on soils of a particular range. Possible 
pathways of contaminants include soil leaching and plant uptake. 
 Phytoextraction--the use of plants to take up, accumulate and remove contaminants from 
the soil--and phytostabilization--the use of both plants and soil amendments to prevent the con-
taminants associated with soil particles from moving out of the area--have both been explored 
(Best et al. 2007). Since periodic inputs of energetic materials will continue to occur over the 
long-term, and treatment technologies must be adaptable to the varied influx of contaminants, 
using plants that grow in the natural range of contaminated ecosystems to remediate these con-
taminants will be beneficial. Native plants are relatively inexpensive to cultivate and, if addition-
al plants are needed on a range, they can be planted safely by air seeding or hydro-seeding meth-
ods over an un-cleared range area or impact areas still containing unexploded or partially 
detonated ordnance (UXO).  
Types and Properties of Specific Energetics Contamination 
 Royal Demolition eXplosive (RDX) is the primary energetic used in most military appli-
cations, from explosives ordnance (bombs, missiles and shells) to missile propellants and demo-
lition charges. The discovery of RDX dates from 1898 when Georg Friedrich Henning obtained a 
German patent (patent No. 104280) for its manufacture, by nitrating hexamine nitrate (hexa-
methylenetetramine nitrate) with concentrated nitric acid (Urbanski 1967). In his 1898 patent, 
RDX properties as a medical compound were mentioned; however, three further German patents 
obtained by Henning in 1916 proposed RDX use in smokeless propellants (Urbanski 1967). 
 Hexahydro-1,3,5-trinitro-1,3,5-triazine (CAS Reg. No. 121-82-4), commonly known as 
RDX, or cyclonite, which has been used primarily by the military. During the 1940's, a major 
improvement in mass production of RDX occurred, resulting in a major increase of military us-
age. RDX has a high degree of stability in storage. RDX is considered the most powerful explo-
sive and is a main ingredient in plastic explosives (Mukhi 2006).  
 Other than its military applications, RDX also has some civilian usages, such as in vehic-
ular air bags (Chakraborty et al. 2000). This results in potential contamination at automotive 
manufacturing sites, as well as at disposal and recycling sites.  
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 Researchers have ascertained that RDX from ordnance testing is regularly deposited on 
the soil at military training ranges, along with 2,4,6-Trinitrotoluene (TNT), hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). As 
these compounds follow the flow of the water, they lead to extensive soil and groundwater con-
tamination. By using plants as bioindicators, these migrations can be traced, thus allowing fo-
cused phytoremediation efforts to be used where they will be of the most benefit (Funk et al. 
1993; Pennington and Myers 1995; Pennington et al. 2001, 2003; Clausen et al. 2004; Efroym-
son et al. 2009; Price et al. 2002). 
 The mobility and lability of toxic energetic residues is a major concern. Mobility is com-
plex and is influenced by multiple physical, chemical and biological factors. Among energetics, 
TNT and RDX are most widely distributed as soil contaminants, and both compounds are often 
found in the soil at the same site. Military grade RDX generally contains HMX as a major impu-
rity with concentrations of HMX ranging from 3 to 10 percent (U.S. Army 1984a and Talmage et 
al. 1999). RDX, HMX and TNT are weakly soluble in water. TNT water solubility at 20oC is 130 
g per L (Talmage et al. 1999); RDX water solubility at 20oC is 38.4 mg per L (Talmage et al. 
1999) (practically insoluble); and the water solubility at 20oC of HMX is 6.6 mg per L (Talmage 
et al. 1999, ATSDR 1997). 
 RDX has a high potential for soil leaching, but can also be taken up by plants (Chen 1993 
and Best et al. 1999). RDX does not bind to soil very strongly and can move rapidly into the 
groundwater (Chen 1993). RDX is more soluble than HMX (Lynch et al. 2001), but neither RDX 
nor HMX are typically adsorbed or biodegraded significantly in aerobic soil. HMX is likely to 
move from soil into groundwater, particularly in sandy soils. Since TNT and HMX are associated 
with RDX in devices, a strategy for locating RDX sources would also pinpoint many sources of 
TNT and HMX as well.  
 Because TNT has a solubility of 130 g per L and RDX has a solubility of 38.4 mg per L, 
one would expect TNT to be more mobile in the soil. However, this is not true, as TNT readily 
binds to soil particles and RDX does not. Thus, RDX and its breakdown products are actually 
more likely to spread by natural water movement and drain into groundwater than TNT, HMX, 
and perchlorate.  
 AO1 pdf: http://www.epa.gov/region1/mmr/pdfs/448135.pdf 
 AO2 pdf: http://www.epa.gov/region1/mmr/pdfs/448100.pdf 
 These concerns came to light in May of 1997 when the EPA suspended military training 
activities at the Massachusetts Military Reservation (MMR) (EPA website accessed 02/05/2013) 
in Cape Cod, Massachusetts. This suspension was due to the discovery of downgrade pollution in 
area aquifers and wetlands. This action alerted the managers to assess the environmental status of 
their range carefully.  
 In this heavily studied area (the impact zones at MMR), groundwater sampling efforts in-
cluded more than 1000 samples collected from the water table down to the terminus depth of the 
well boring. RDX and HMX have been identified as groundwater contaminants with RDX con-
tamination principally focused on an area immediately adjacent to and downgrade of the targets. 
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The pattern of the aquifer contamination was consistent with the principal fate and transport 
mechanisms governing these compounds. RDX migrated furthest from the source, followed by 
HMX, whereas TNT was identified at several locations close to the targets but was not detected 
farther downgrade (Clausen et al. 2004) (Figure 2).  
Effects on Health and Environment 
 Concerns over spread of energetics into the environment are grounded in numerous re-
ports of undesirable effects. People exposed to TNT may experience anemia, abnormal liver 
function, skin irritation, and cataracts. Small amounts of TNT can accumulate in fish and plants 
(ATSDR, 1995). 
 RDX does not bioaccumulate in fish or in people (ATSDR 2010, U.S. Navy 1972, Army 
1984a), but RDX exposure in large amounts can cause seizures. The effects of long-term, low-
level exposure to RDX in humans are not known. However, RDX exposure did lead to smaller 
offspring in rats, specifically a 4% decrease in weight and a 2% decrease in body length (Army 
1986). RDX is toxic to some mammalian species, particularly rodents, which have widespread 
distribution in diverse ecosystems (BAE Systems 2005). Note that one of the original uses of 
RDX was as a rat poison. The Agency for Toxic Substances and Disease Registry (ATSDR 2010) 
details many studies, using rats and other small animals as test subjects, that covered the effects 
of RDX on multiple body systems. Chronic, local, and systemic effects on humans are not 
known (BAE Systems 2005). 
 It is not known if plants, fish, or animals living in contaminated areas bioaccumulate 
HMX, but studies in rats, mice, and rabbits indicate that HMX may be harmful to the liver and 
central nervous system if it is swallowed or dermal contact occurs (ATSDR 1997). 
 Since energetics and their residue can leach into soils and contaminate groundwater 
(Funk et al. 1993), the mobility of energetic residues is a major concern. In the life cycle of the 
ordnance, there are four different ways in which the contamination can occur: (1) as a result of 
the manufacturing process of the energetic itself, (2) in the manufacture of the energetic contain-
ing devices (ordnance), (3) deployment of ordnance in training exercises and military opera-
tions/actions, and (4) the disposal of ordnance. RDX is one of the most widely distributed ener-
getic soil contaminants. Although RDX has a high potential for soil leaching, a positive aspect is 
that it can be taken up by plants (Chen 1993, Best et al. 1999). 
 Plants are capable of sustained immobilization, sequestration, and/or transformation of 
various pollutants through phytoremediation (Brentner et al. 2010, Best et al. 2007). Studies on 
explosives as soil contaminants have focused mainly on TNT (reviewed by Rocheleau et al. 
2005).  
 Studies on RDX and HMX suggest that nitro-heterocyclic compounds are not as toxic as 
nitroaromatic compounds, such as TNT (Schnoor et al. 2006).  
 Studies of phytotoxic concentrations have been published that indicate that uptake of 
RDX by plants can be substantial (Chen 1993), and that degradation within plants is relatively 
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low (Best et al. 2007). Price et al. (2002) completed greenhouse studies with corn, tomato, let-
tuce, and radish to determine uptake of RDX from contaminated soil and uptake of RDX from 
contaminated irrigation water. All crops grown in contaminated soil accumulated RDX; soils 
contaminated with 5.8 mg per kg of RDX showed accumulation in above-ground biomass; all 
edible plant tissues accumulated RDX from soil except corn kernels. At 100 µg per L RDX in 
irrigation water, accumulation of RDX by plants was undetectable. 
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CHAPTER 2 
EFFECTS OF RDX CONTAMINATION ON BIOMASS OF FORBS 
Introduction 
Objectives of This Project 
 The objective of this experiment was to determine and quantify symptoms of toxicity, 
primarily through measures of growth inhibition, in a set of plants at toxic contamination levels 
in soil using plants that naturally grow in the range ecosystem. Effective remediation would al-
low the DoD to better negotiate hunting and grazing rights on training installations. Results of 
this research should be able to help guide the range managers in the selection of plants best suit-
ed for phytoremediation. The results could also advance the capabilities for long-term and low-
cost detection of energetic materials. 
 The response characteristics of these species could also add to knowledge of plants po-
tentially useful in phytoremediation and lead to the development of new ways to minimize nega-
tive environmental impacts from energetics in the soil and groundwater. 
 Biomass and relative proportion of root and shoot portions were chosen as good general 
characteristics of plant growth. It was hypothesized that root growth would be stunted dispropor-
tionately to shoot growth by soil RDX toxicity and that total biomass would be reduced propor-
tionally to RDX dosage. 
 Plants that have stunted root systems become susceptible to drought and nutrient defi-
ciency, resulting in mortality and lowered plant cover with subsequent excessive soil erosion 
(Best et al. 2007). Plants are planted on military live-fire ranges with the purpose of controlling 
erosion; but with RDX contamination, it is possible that the plants may lose the ability to control 
erosion because the root systems are stunted.  
 Of the studies done to evaluate phytoremediation processes for energetics, the majority 
have focused on grasses or wetland species, for example, effects of RDX on growth inhibition of 
grasses (Best et al. 2007). Little attention, however, has been given to upland forbs, which are the 
focus of these experiments. 
 RDX is a main component in most explosive formulas, and RDX does not bind readily to 
soil (Clausen et al. 2004). Because experience has shown that RDX travels farther and faster 
from sites of origin than other energetics (Clausen et al. 2004), it seems that RDX is of great 
concern.  
 The contamination levels that were selected for use in the Best study were based upon the 
findings from the surveys of targets in actual impact areas done by Pennington et al. (2003, 2004, 
2005, 2006). The published screening benchmark for RDX in soil for terrestrial plants is 100 mg 
per kg (Talmage et al. 1999). This value is based on the Lowest Observed Effect Concentration 
(LOEC) of 100 mg RDX per kg for aged soil growing Cucumis sativus L. (cucumber) (Simini et 
al. 1995). However, a concentration of >1,540 mg RDX per kg soil failed to reduce the biomass 
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of Lolium perenne L. (perennial ryegrass) and Medicago sativa L. (alfalfa) by 20 percent as re-
quired for a LOEC (Best et al. 2006). Talmage et al. (1999) were unable to establish a screening 
benchmark for HMX in terrestrial plants. 
 In this study, a contamination level of 100 milligram of RDX per kilogram dry soil mass 
was selected based upon Talmage's benchmark LOEC. The contamination level of 1000 milli-
gram of RDX per kilogram of dry soil mass was selected based upon Pennington's findings of 
maximum in situ contamination of soil at this level on military training ranges. The 500 milli-
gram of RDX per kilogram of dry soil mass level was selected as a mid-point for testing selected 
plant species. 
 To determine whether the plants had absorbed nitrogen from experimental doses of RDX, 
an assay to determine the ratio of 15N to 14N (Sharpe and Nichols 2007) was employed on a sub-
set of 18 plants selected for our studies. This technique allows determination of sources of an-
thropomorphic nitrogen such as industrially-produced RDX and its residual breakdown compo-
nents. 
Plant Selection 
 Forbs have not been well studied to date with respect to RDX exposure, so the focus of 
this research was on forbs, primarily herbaceous ones. Species were selected for this study based 
upon four criteria. The first criterion was that they be native or naturalized forbs. The list of po-
tential candidates was compared with the USDA invasive species list (USDA Forest Service 
website) and any candidates found to be invasive were not considered further.  
 The second criterion was that they have an extensive range in North America, thereby 
covering a large number of military installations. Any candidates that were narrowly regional 
were removed from consideration.  
 In previous research, plants that were selected for testing by Best et al. (2007) were found 
by Pennington et al. (2001) to be tolerant of TNT and RDX at concentrations found in contami-
nated soils. In the current research, the third criteria was that they must be able to survive the ri-
gors of training ranges, for example, the ability to tolerate energetic range contaminants, and the 
ability to tolerate metal contamination (e.g. cadmium, nickel, copper). Also important in the se-
lection process was the ability to withstand disturbance, the ability to self-propagate, and ability 
to take full advantage of a growing season.  
 The fourth criterion was taxonomic diversity, i.e. selected species represented a number 
of different plant families. 
 A sub-set of plants was selected for the isotope and breakdown studies based on the fact 
that they have naturally occurring secondary compounds similar to RDX, (Table 1) the thought 
being that these plants could be more efficient at eliminating RDX or, at least, tolerating RDX.  
 In the next series of experiments, it was determined whether and how much RDX was 
taken up into a plant, thus evaluating their potential for phytoremediation. In past research 
(McCormick et al. 1981), degradation pathways of RDX have been found in microbes, indicating 
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that no one single action accomplishes the breakdown. This indicates that the metabolism or ca-
tabolism had occurred in stages, leaving pools of breakdown products between enzymatic path-
ways. Therefore pools of breakdown products were looked for within the plant tissue that would 
indicate that metabolism or catabolism had taken place in the soil/plant system.  
OBJECTIVES AND HYPOTHESIS 
 I hypothesized that plant biomass will decrease proportionally to the amount of RDX in 
the treated soil. A second hypothesis is that plant roots in RDX contaminated soil will be reduced 
in growth more than shoots. Thirdly, I hypothesized that species of dicotyledonous plants would 
respond differently with respect to growth when exposed to RDX at levels known to occur in 
contaminated soils.  
 As a check on actual RDX uptake, I examined the shift of 15N to 14N isotopic ratios in 
leaves of several species toward that of the RDX used to treat soil. Synthetic RDX has a lower 
15N to 14N ratio than plant tissue.  
 As further verification that plants grown in RDX contaminated soil have RDX and RDX 
breakdown products contained within their leaf tissue, the levels of RDX and RDX breakdown 
products of a subset of four species were examined using HPLC with respect to amount of RDX 
added to the soil.  
Biomass Methodology 
 Abelmoschus esculentus (L.) Moench (okra) seeds were acquired from Ferry-Morse Seed 
Co., Fulton, KY. Abutilon theophrasti Medik (velvetleaf), Amaranthus retroflexus L. (redroot 
pigweed), Brassica nigra (L.) W.D.J.Koch (black mustard), Ipomoea jaegeri Pilg (morning glo-
ry), and Sida spinosa L. (prickly sida) seeds were acquired from Azlin Seed Service, Leland, MS. 
Achillea millefolium L. (yarrow) seeds were acquired from Easywildflowers, Willow Springs, 
MO. Amaranthus caudatus L. (love-lies-bleeding), Eschscholzia californica Cham. (California 
poppy), Gomphrena haageana Klotzsch (strawberry fields), Mirabilis L. (four o'clock), Portu-
laca grandiflora Hook (peppermint purslane), Tropaeolum majus L. (nasturtium) seeds were ac-
quired from W. Atlee Burpee and Co., Warminster, PA. Coronilla varia L. (crown vetch) seeds 
were acquired from Ernst Seeds, Meadville, PA. Datura stramonium L. (jimson weed) seeds 
were acquired from the University of Illinois Department of Crop Science Seed Inventory, Urba-
na, IL. Gossypium hirsutum L. (cotton (DP 174RF)) seeds were acquired from Prof. Tom Barber, 
Cotton Specialist, University of Arkansas Division of Agriculture, Little Rock, AR. Portulaca 
oleracea L. (common purslane) seeds were acquired from Monsanto Seed Library, St. Louis, 
MO. Solanum lycopersicum L. (tomato) seeds were acquired from Tomato Growers Supply 
Company, Fort Myers, FL.  
 The seeds were sown in multi-cell trays using SBF-500 high porosity soil-less plant me-
dium (Sun Gro Horticulture Canada Ltd.) greenhouse mixture and placed on a mist bench with 
natural light. When plants had two, true, well-formed leaves, they were transferred to pots meas-
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uring 16.8 cm in diameter by 14 cm in height and containing approximately 2240 grams (approx 
1.3 Liters) of soil.  
 Dry RDX, supplied by BAE System, Ordnance Systems Inc., Holston Army Ammunition 
Plant, Kingsport, TN, (low HMX (indicated 1 percent HMX by supplier assay)) was ground with 
a mortar and pestle into a fine powder. RDX was then mixed into a steam-sterilized standard 
greenhouse ground bed mix (10 parts coarse silica quartz sand to 3 parts prairie mollisol loam 
soil) to prepare three levels of soil treatments of 100, 500, and 1000 mg RDX per kg DM. The 
soil steam pasteurization process reduces the potential for soil biotic effects. Mixing was accom-
plished by using a concrete mixer for at least 20 minutes in order to distribute the RDX through-
out the soil mix. Seven seedlings were randomly assigned, one per pot, to each of the 3 treatment 
levels and the control. When plants had two, true, well-formed leaves, they were transferred to 
pots measuring 16.8 cm in diameter by 14 cm in height and containing approximately 2240 
grams (approx 1.3 Liters) of soil. Seeds were started on the mist bench and then transplanted into 
treated soil to preclude RDX influences on germinating seeds.  
 Plants were watered and fertilized weekly using a solution (PLANTEX 20-20-20 Water 
Soluble Fertilizer, Plant Products Company, LTD. Brampton, Ontario, Canada) containing 250 
ppm 20% N (as 10% urea (NH2)2CO, 6% nitrate NO3 and 4% ammonia NH3), 20% P (as phos-
phate P2O5), and 20% K (as potash K2O) with micronutrients to pot saturation throughout the 
growing period. They were kept at temperatures of 28o C daytime (0600-1800 hours) and 21.1o C 
nighttime (2200–0400 hours) in a greenhouse. On cloudy days the light was supplemented with 
1000-watt sodium vapor lamps suspended at 2.0 meters over the pot surface. Water was supplied 
as needed. 
 Upon harvesting, the above- and below-ground plant portions were separated and washed 
in distilled water to remove external soil particles and then blotted dry. Fresh mass of each plant 
part were recorded. The plant parts were then dried in a forced-air oven at 105̊ C and their oven-
dry mass was recorded. 
Data Analysis 
 For each plant species water content and dry shoot mass were each analyzed using uni-
variate, one-way analysis of variance (ANOVA) in R (R Core Team 2012). Prior to ANOVA, cor-
relation between the two response variables was calculated using the cor.test function. Correla-
tion was deemed not significant (P = 0.47) with Pearson's correlation coefficient probability 
levels greater than 0.05. To control experimental-wise error rate, a Bonferroni adjusted α=0.025 
was adopted for each of the ANOVAs. Diagnostic plots confirmed that the residuals for both 
analyses met the assumptions of normality and equal variances. Mean separation for significant 
factors was conducted using a protected Fisher's Least Significant Difference test (α=0.05). 
These comparisons were made using the LSD test function provided in the agricolae package 
(De Mendiburu 2012).  
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Isotope Methodology Change of 15N of Treated Plant Tissue 
 S. spinosa, E. californica, T. majus, C. varia and Ilex vomitoria Aiton (holly) plants ac-
quired from Wilson Bros Nursery, McDonough, GA were selected for isotopic analysis. Plants 
were cultivated and treated as described previously for the biomass study. Sixty days after treat-
ment with RDX had been imposed, the plants were harvested by stripping a sufficient number of 
fully-expanded leaves from the stems to provide multiple bulk samples of at least one gram dry 
mass. Leaves were rinsed in distilled water and then blotted dry. The leaves were placed in a 600 
ml beaker and sufficient distilled deionized (DDI) water was added to cover the sample. 
 To minimize the possible extent of cross contamination, the control samples were ho-
mogenized first. The samples with the lowest concentrations of RDX were homogenized next 
and so on. To further control cross contamination, the homogenizing head was thoroughly rinsed 
in a beaker of DDI water between the processing of each sample. An Ika T-18 Basic Ultra Turrax 
(Wilmington, NC) was used beginning at a speed of 500 rpm and slowly increasing the speed to 
7500 rpm to grind the sample, just until the samples were transformed to a frothy paste, avoiding 
sample temperature increases above 40o C.  
 The samples were covered with Parafilm and placed in a lab freezer (-40o C) until frozen 
(approximately 3–4 hours). Samples were then placed in the freeze drier and removed when no 
ice remained in the sample (approximately 2 to 4 days). The freeze-dried homogenized samples 
(in cakes) were crushed, and, to protect the sample from UV radiation, the powder was placed 
into brown bottles.  
 The samples were analyzed for stable isotope ratios by continuous flow isotope ratio 
mass spectrometry (IRMS) (20–20 mass spectrometer, PDZ Europa, Northwick, UK) using the 
methods outlined in Sharpe and Nichols (2007). Nitrogen isotope values are expressed as δ15N, 
that is, the relative difference in 15N/14N ratios between samples and atmospheric nitrogen. At-
mospheric nitrogen is isotopically constant at 0‰ and is the standard reference material utilized 
(Kendall 1998). 
Breakdown Compounds Methodology  
 The seeds of E. californica, T. majus, C. varia and I. vomitoria, selected because they had 
secondary metabolites that were cyclic compounds with NOx, similarly to RDX, and hence had 
the possibility of tolerating and sequestering RDX (Table 1), were cultivated and treated as de-
scribed previously for the biomass study. Sixty days after treatment with RDX had been im-
posed, the plants were harvested by stripping fully expanded leaves from the stems until enough 
sample was obtained to provide several bulk samples for tissue assay. Leaves were rinsed in dis-
tilled water and then blotted dry. Calculations were made to obtain the fresh mass equivalent of 2 
grams dry mass. Following is the fresh mass equivalent to 2 g dry mass: T. majus (23.44 g), E. 
californica (18.64 g), C. varia (20.16 g), I. vomitoria (8.68 g). The sample was cut into small 
pieces (less than 1 cm, using a chiffonade technique) ensuring that all plant tissue fit into the 
weigh boat. Two grams dry mass equivalent of fresh plant tissue was weighed out. The tissue 
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was placed into a 2.25 cm diameter x 15 cm long test tube labeled with plant name and treatment 
level. Weigh boats were washed out with a small amount of DI water (1-2 ml) which was added 
to the test tube. Samples in tubes were covered with Parafilm. Samples were homogenized and 
freeze dried as previously described for the δ15N study. 
 An aliquot of 10.0 ml of acetonitrile (ACN) was added to each crushed sample, which 
was mixed for 1 minute using a vortex mixer, then left for 18 to 24 hours to allow for dissolution 
of RDX and breakdown products. Degradation of the samples was prevented by protecting them 
from UV radiation. They were then gravity filtered with Whatman #2 125mm filter paper. The 
filter paper was wetted with a small amount of acetonitrile; any excess ACN that passed through 
the filter was collected and discarded.  
 Samples were filtered through a Nalgene 45μm nylon filter. The above process was re-
peated, using a Nalgene 20μ nylon filter.  
 The samples were filtered under vacuum a final time by using Phenomenex Strata FL-PR 
syringe filters, which contain 0.25 g florisil, 0.25 g basic alumina, wetted with 5 ml ACN. The 
column was rinsed with an additional 2.5 ml acetonitrile. The resulting 5 ml was vortexed for 1 
minute. A 0.3 ml aliquot of the filtered sample was analyzed with HPLC using the methods out-
lined in Jenkins and Grant (1987). Any remaining product left in the tube was then capped, la-
beled and archived. 
 Standards for this study were acquired from SRI International (Menlo Park, CA.) Sam-
ples were analyzed using an HPLC separated on a C-18 reversed-phase column using a 60% 
methanol mobile phase and using a UV detector set at 254-nm. 
RESULTS 
Biomass study 
 Biomass decreased as RDX concentrations increased. In all but one species tested, a sig-
nificant decrease in biomass was seen between the controls and the highest levels of treatment 
(Figure 3).  
 Generally, the root to shoot ratio was significantly less in plants treated with RDX. The 
differences in root-shoot ratios between RDX treatments and controls were significant in all spe-
cies tested except for C. varia, D. stramonium, P. oleracea and T. majus (Table 2a and 2b).  
 Cellular water retention decreased as RDX levels increased.  
 Differences in patterns of response to RDX associated with families, genera, species, cul-
tivars, wild vs. domesticated, presence of secondary compounds with cyclic structures containing 
nitrogen and C3 vs. C4 plants were examined. There was more variability in plant response to 
RDX due to species, cultivars, and individual plants than due to families. Although plant species 
generally declined in growth, with increasing levels of RDX, the differences in response were 
considerable. Wild types of plants were more tolerant of RDX than domesticated ones.  
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Anthropogenic (15N) Nitrogen Isotope Shift 
 The RDX source showed a shift in isotopic 15N. This is consistent with an isotopic influ-
ence due to uptake of the manufactured RDX. Plants grown in RDX-treated soil showed a shift 
in δ15N values toward that of the RDX used in the experiment (Figure 4). This indicates that 
RDX was being taken up by the experimental plants.  
Breakdown Compounds 
 The amounts of the breakdown products were small and possessed such a high degree of 
variation between samples that quantitative analyses were precluded. Neither plant nor soil pro-
cesses resulted in accumulation of large quantities (pools) of reductive transformation products--
hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahydro-1,3-dinitroso-5-nitro-1,3,5-
triazine (DNX), hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX) and 4-nitro-2,4-diazabutanal (4-
NDAB)--in plant leaf tissue relative to quantities of RDX in the same plants (Figure 5).  
 HMX is not a breakdown product of RDX but is a byproduct of the RDX manufacturing 
process. HMX in plant leaf tissue increased with levels of soil RDX treatment (Figure 5). HMX 
accumulated at a constant ratio to RDX in the treated soil.  
 RDX accumulated in leaf tissue of four plants species selected for detailed analysis at 
dry-mass concentrations exceeding those in the soil. The E. california had about 20 times greater 
RDX concentration than the soil at a treatment level of 500 mg per kg and about 12 times greater 
RDX concentration than the soil at a treatment level of 1000 mg per kg. The C. varia plants had 
about 3 times greater RDX concentration than the soil at a treatment level of 500 mg per kg, and 
5 times the soil concentration of RDX at a treatment level of 1000 mg per kg. I. vomitoria plants 
had about the same concentration of RDX as the soil at the treatment level of 500 mg per kg. At 
the 100 mg per kg and 500 mg per kg levels of soil treatment, T. majus plants consistently had 
about 3 times the soil concentration of RDX (Figure 6). The overall trend was that as RDX con-
centration in the soil went up, the concentration of RDX in the plant leaf tissue also went up. 
 E. californica had a low RDX content relative to RDX concentration in foliage apparent-
ly due to RDX toxicity. C. varia was not reduced in biomass due to RDX toxicity to the extent 
that E. californica was reduced in biomass. When one looks at milligrams of RDX accumulated 
per plant, C. varia shows itself to be an efficient accumulator, accumulating 8.7 milligrams per 
plant at the 500 mg per kg treatment level, and 36 milligrams per plant at the 1000 mg per kg 
treatment level. Even though E. californica had high concentrations of RDX, its lower biomass 
(low tolerance of RDX) reduced its accumulation of only 2.6 mg per plant at the 1000 mg per kg 
treatment level (Figure 7). 
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DISCUSSION 
Biomass 
 There is considerable variation from plant to plant in biomass accumulation. There was 
more variability in plant response to RDX due to species, cultivar or even individual plants, in 
some cases, than among genera or families. While species growth responses generally trended in 
the same direction, the differences in response varied greatly. Wild species generally had higher 
RDX tolerance than their domesticated cousins, perhaps owing to greater genetic variability. 
 In an evolutionary context, this may indicate that RDX stresses plants in a unique way. 
RDX could be up-regulating pathways that lead to the production of anthocyanins. Further re-
search on biochemical and genetic responses of plants to RDX is warranted.  
Nonetheless, treatment regimes were significant in reducing biomass for all species, except 
for A. retroflexus (Table 3a and 3b). The reduction in biomass of selected forbs indicates that 
RDX is usually toxic to plants at levels found in soils of live-fire military sites. For all species 
mean control value for biomass differed significantly from the mean plant biomass of the corre-
sponding highest RDX treatment levels. There were also significant differences between the bi-
omass control means and corresponding biomass means for lower dosages for RDX (100 and 
500 mg per kg) for many of the species.  
 It is possible that some plants were able to scavenge nitrogen from RDX degradation at 
low-dosages of RDX in soil, or were otherwise actually stimulated in growth by RDX to achieve 
an increase in biomass at various levels of RDX application. While this was the case with two of 
our test plant species--A. retroflexus and I. jaegeri--most did not follow this trend. As the RDX 
concentrations increased, the toxic effects probably countermanded any positive gains the plant 
might have been able to achieve from being grown in low-level treated soil. An interesting ob-
servation was that several of our plants--A. caudatus, P. oleracea, B. nigra, Mirabilis, and A. 
millefolium--produced more biomass at 1000 mg per kg than at 500 mg per kg.  
 The observed reduction of root biomass in relation to shoot biomass indicates that RDX 
reduces relative growth of roots compared with shoots in the plant/soil system. This could be be-
cause the roots are in direct contact with the treated soil, therefore in contact with the RDX. The 
shoots take up RDX through the roots via transpiration. Thus, the roots could well influence the 
rate at which the shoots are exposed to RDX.  
 As RDX treatment levels went up, a plant's cellular water content declined, a symptom of 
drought exposure. Affected leaves were observed to be thin and malleable. It could be that RDX 
influences on roots reduced uptake of water, thereby leaving the plant with a deficiency and 
causing them to exhibit signs of dehydration. Another explanation could be that RDX is chang-
ing the permeability of membranes within the plant, restricting water movement to leaf cells.  
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15N Isotopic Shift 
 The observed isotopic shift indicates that the supplied RDX was consistently taken up by 
the plants. Anthropogenic nitrogen sources, such as RDX, generally have less 15N than organic 
sources. In this study, control plants, as well as plants subjected to treatments, were grown and 
fertilized using the same protocol. With the control plants exposed to the same fertilizer regimen 
as the ones subjected to treatment, any shift associated with anthropogenic nitrogen fertilizer 
should be accounted for in the control plants, so RDX would be the likely source of δ15N shifts in 
treated plant tissue.  
Breakdown Compounds 
 The commonly held belief that RDX breaks down into nitroso derivatives (Yang et al. 
1983; Funk et al. 1993; Kitts et al. 1994; Young et al. 1997a,b; Boopathy et al. 1998a,b; Freed-
man and Sutherland 1998; Kitts et al. 2000; McCormick et al. 1981, 1985) (Figure 8, path a) is 
challenged in a paper by Hawari et al. (2000b). Their research shows that non-aromatic cyclic 
nitramine explosives, such as RDX, lack electronic stability. An enzymatic change on one of the 
N-NO2 or C-H bonds of the cyclic nitramine would lead to a ring cleavage because the inner C-N 
bonds in RDX becomes very weak (<2 kcal per mol) (Hawari et al. 2000b) (Figure 8, path b). In 
this scenario, there would be no cyclized breakdown products. Hawari (2000a) and Hawari et al. 
(2000c) states that when the ring is cleaved, it produces two nitramine compounds, methylene-
dinitramine (O2NNHCH2NHNO2) and dimethanolnitramine ((HOCH2)2NNO2), which spontane-
ously decompose in water (Lamberton et al. 1949a,b; Urbanski 1967; Hoffsommer et al. 1977). 
As no pools will accumulate, the only way to follow that pathway is through radio-labeled com-
pounds as shown by Hawari et al. (2000 b).  
 The above research shows that microbial degradation pathways are fairly well document-
ed. With lack of other data to show pathways in plants, we're forced to consider only microbial 
pathways in our discussion; and with no testable compounds available in the Hawari pathway 
(Figure 8, path b), the only pathway that could be tested was the McCormick pathway (Figure 8, 
path a). 
 No large pools of breakdown compounds into selected plant species were found using 
HPLC to analyze foliage extracts (Figure 5). Neither soil processes, prior to uptake of RDX into 
the plant, nor plant processes result in accumulation of large quantities (pools) of breakdown 
products in plant tissue relative to RDX concentrations in soil. This suggests that RDX is not 
transformed into breakdown products at a great rate. It is possible that breakdown proceeds rap-
idly and spontaneously to undetectable compounds or that the Hawari theory for spontaneous 
RDX degradation due to an enzymatic change on one of the N-NO2 or C-H bonds of the cyclic 
nitramine accounts for some or most of the breakdown of RDX. This enzymatic change, which 
could be brought about by a number of enzymes, leads to a ring cleavage and spontaneous deg-
radation in water of the products because the inner C-N bonds in RDX become very weak (<2 
kcal per mol) (Hawari et al. 2000b) (Figure 8, path b).  
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 HMX is not within the breakdown pathway of RDX. Even though the RDX that was used 
was a special low HMX version, 1% by weight, it is not surprising that HMX in plant leaf tissue 
increased with levels of soil treatment of RDX. However, this could be purely a function of 
availability. With its low solubility, one would expect lower concentrations of HMX in the soil 
solution, thus making it less available for the plant to take up. In the overall scope of this project, 
this should affect plant uptake uniformly across the treatment range, therefore not affecting the 
observed results. The amount of HMX recovered increases as RDX treatment increases, indicat-
ing that RDX was being taken up into the plant. 
 All four plants that were selected for this research contained secondary compounds that 
were generally structurally similar to RDX (Table 1). Therefore it is possible that other com-
pounds even more similar to breakdown compounds than the secondary metabolites listed in Ta-
ble 1 could have appeared in the controls where no RDX was present (Figure 5) owing to the bi-
ochemical complexity of plants. Such compounds might have produced peaks on the HPLC 
similar to those of our breakdown compounds. One general trend was that, in the C. varia plants, 
the MNX pools appeared to grow as RDX soil treatment increased. To a lesser degree, the same 
was true of T. majus. However, concentrations were low, often near the limit of detection, much 
lower than RDX concentrations, so trends should be interpreted with extreme caution, if at all. 
The main point is that RDX pools were substantial, while pools of putative breakdown com-
pounds were miniscule.  
 If, indeed, MNX is accurately resolved using the HPLC procedure described, then trends, 
particularly in C. varia, lead to some interesting possibilities. The first possibility is that the 
breakdown pathway goes through MNX with a high degree of enzymatic efficiency in breaking 
RDX down to MNX and/or that there is further enzymatic efficiency in the transformation of 
MNX to further products. A second possibility is simply that RDX breaks down in the plant very 
slowly, thus accounting for the small pool of MNX. Use of radio-labeled RDX to trace any 
pathway of RDX breakdown could further elucidate this process.  
  A single sample is like a snapshot in time. At that given moment, one is observing the 
levels of RDX and its breakdown products. The simple way to decipher a breakdown pathway is 
to discover that one enzyme works faster than another, thus leaving a pool of intermediate break-
down products that can be sampled. In some instances, the breakdown product is processed fast 
enough that it doesn't leave a pool of that intermediate product to be found. But by looking at the 
structure of breakdown product pools that can be found, it can be theorized what the intermediate 
products were.  
 In past research (McCormick et al. 1981, Spain 1995), degradation pathways of RDX 
were found, indicating that no one single action accomplishes the breakdown. This indicates that 
the process of metabolizing the RDX had occurred in stages, leaving pools of breakdown prod-
ucts between enzymatic pathways. Therefore pools of breakdown products were looked for with-
in the plant tissue that would indicate that the process of metabolizing the RDX had taken place.  
 It is also possible that the lack of pools of RDX breakdown products and the highly vari-
able nature of the results come from the plant binding any breakdown products so tightly in the 
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matrix of their tissue that it makes efficient extraction impossible, or at least highly variable. Ad-
ditionally, with a low extraction efficiency, only a percentage of breakdown products actually 
there was able to be extracted (Brentner et al. 2010).  
GENERAL CONSIDERATIONS 
 C. varia has been selectively bred to reduce the toxic nitroglucoside that naturally occurs 
in its system to produce plants that are non-toxic to domesticated grazing animals (Personal 
Communication; David Seigler, Department of Plant Biology, University of Illinois). These ma-
nipulations may be related to pathways that the plant can use to accumulate RDX.  
 E. californica and T. majus have been selectively bred for flowering characteristics. It's 
doubtful that this selection process had anything to do with their ability to accumulate RDX. 
While vibrance of the color of the flowers may be dependent upon chemicals that arise from off-
shoots of the shikimic acid pathway, the up-regulation of the flavonoids that produce the pigmen-
tation in the flower appears to be unrelated to the breakdown of RDX. 
 Individual plants can have a high concentration of RDX in their tissue, but, as a species, 
find RDX to be highly toxic, either killing the plant or severely stunting it. Accumulation value is 
based upon the plant's ability to uptake RDX, as well as its ability to survive and/or produce bi-
omass. Plants that have a high ability to accumulate but suffer severe toxic effects from the RDX 
are not of value as accumulators. 
 High plant density and total RDX content per plant afford high phytoremediation capaci-
ty. In assessing our plants for phytoremediation potential, accumulation per plant is most likely 
more important than concentration of RDX. Hence C. varia, a commonly cultivated, nitrogen-
fixing legume, demonstrated the greatest potential for phytoremediation of RDX-contaminated 
soils. 
 Additional field studies will be necessary to ascertain phytoremediation performance on 
contaminated soils. These studies should include components assessing germination/seeding 
rates and cover/phytomass at the scale of contaminated sites. Best et al. (2007) established the 
untreated germination rate of 2.4 percent for S. spinosa under laboratory conditions. In this same 
study, it was found that RDX treatment actually stimulated germination, showing an increase to 
an 8 percent germination rate at the 500 mg per kg level and a significantly higher rate of 15.2 
percent at the 1000 mg per kg level.  
 
17 
CHAPTER 3 
RED PIGMENTATION OF SIDA SPINOSA (PRICKLY SIDA) LEAVES GROWN IN 
SOIL CONTAMINATED WITH RDX  
Introduction 
RDX Contaminated Soil Causes Red Pigmentation of Sida spinosa: Confirmation Using 
Various Bioassay Approaches 
 Contamination of soil by energetics (explosives) is an issue of concern to the military on 
firing ranges used for training troops (Clausen et al. 2004). In an effort to control offsite migra-
tion of energetic compounds, an emphasis has been placed upon removing UneXploded Ord-
nance (UXO) from impact areas. However, this by itself is dangerous and not always sufficient 
to reduce pollution. Timely identification of contaminants released into soil is necessary at least 
as a first step in mitigating soil and water pollution.  
 One promising in-situ method for detecting contaminated soils is using plants as a bioas-
say to identify contaminants in soil. Plants that respond to a single contaminant with easily de-
tectable physical changes could lead to the development of methods to identify points of RDX 
contamination in a manner that is economically viable. For example, an indicator plant that 
changes color in response to uptake of a soil contaminant might be an ideal bioassay tool, allow-
ing visual identification of areas of contamination around points of UXO or the size of impact 
areas. If indicator plants could be sown from a distance through a process similar to aerial seed-
ing or hydro-mulching, the risks to decontamination crews from UXO could be greatly reduced. 
Additionally, this technology could potentially help in the identification of the location of buried 
landmines, thus making it safer for disposal teams to neutralize and remove them.  
 A group of angiospermous herbaceous plants were assayed for RDX tolerance in a previ-
ous study (Chapter 2). Atypical reddening occurred at time of flowering at various soil RDX lev-
els in Sida spinosa L. (prickly sida) plants. The reddening occurred in the leaf margins, and in-
terveinal chlorosis developed (Figure 9). This indicated the possibility that the plant responded 
symptomatically to the presence of RDX in soil. The most-likely pigment type to which the red 
color can be attributed is anthocyanin, an antioxidant that can be induced in plants by stress (Da-
vison et al. 2002). The purpose of this study was to determine whether or not this red leaf colora-
tion could be induced by exposure of S. spinosa to other environmental and chemical treatments 
and to determine the nature of this pigment. Background information on mineral nutrient levels 
and cellulosic components of S. spinosa leaves are presented in the appendix. 
METHODS AND RESULTS 
  The initial observation of red pigmentation of S. spinosa from exposure to RDX that led 
to this research was made in a previous study (U.S. Army Corps of Engineers technical report 
ERDC TR 08-8 by Best, Smith, Hagen, Dawson and Torrey 2008) on the response of forbs to 
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exposure to soil-borne RDX. In this study, S. spinosa was grown in a natural soil from a military 
training base (Order: Utilsols; Suborder Paleudults, McLaurin Series (Soil Survey/gSSURGO 
database 2013)). Seeds were scattered on the surface of the soil in pots that held approximately 3 
Liters (16.8 cm x 14.0 cm x 13.3 cm) and were allowed to grow for 70 days. The plants in pots 
containing RDX-dosed soils exhibited a distinctive color change not seen in other forbs tested. 
This color change was noted between day 60 and day 70. S. spinosa plants grown in RDX devel-
oped red pigmentation along leaf edges, as well as exhibiting interveinal chlorosis (Figure 10).  
 The experimental approaches in ERDC TR 08-8 in which the preliminary observation of 
red pigmentation of S. spinosa was made were refined to focus on the color change. S. spinosa 
seeds were acquired from Azlin Seed Service, Leland, MS. The seeds were sown in multi-cell 
trays using SBF-500 high porosity soil-less plant medium (Sun Gro Horticulture Canada Ltd.) 
greenhouse mixture and placed on a mist bench with natural light. Seeds were started on the mist 
bench and then transplanted into treated soil to preclude RDX influences on germinating seeds. 
When the plants had two true, well-formed leaves, they were transplanted to pots measuring 16.8 
cm in diameter by 14 cm in height and containing approximately 2240 grams (approx. 1.3 Liters) 
of soil. RDX for soil treatment was supplied by BAE System, Ordnance Systems Inc., Holston 
Army Ammunition Plant, Kingsport, TN (low octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine 
(HMX) of 1 percent by weight). When RDX was applied to soil as a methanolic solution, the 
amount of methanol was constant in all levels of treatment, including the controls. After dosing, 
the soil was placed overnight in a vented greenhouse to allow the methanol to evaporate prior to 
planting of the plants. There were seven replicates of all treatments.  
 Plants were watered as needed and fertilized weekly using PLANTEX 20-20-20 Water 
Soluble Fertilizer Plant Products Company, LTD., Brampton, Ontario, Canada, containing 250 
ppm 20% N (as 10% urea (NH2)2CO; 6% nitrate NO3 and 4% ammonia NH3), 20% P (as phos-
phate P2O5), and 20% K (as potash K2O) with micronutrients to pot saturation throughout the 
summer growing period. They were kept at temperatures of 28o C daytime (0600-1800 hours) 
and 21o C nighttime (2200-0400 hours) under natural lighting in a greenhouse. On cloudy days 
the light was supplemented with 1000-watt sodium vapor lamps suspended at 2.0 meters over the 
pot surface. Only one plant was used per pot in this new study, unlike the initial study which had 
multiple plants in a pot. This was to reduce the possibility that crowding may have stressed 
plants contributing to pigmentation.  
 In the initial discovery study cited, an RDX methanol solution was sprayed onto the soil 
and mixed into the soil with a shovel according to the common procedure used for dosing soil 
with RDX (Best et al. 2007). The amended method employed a concrete mixer and spraying the 
RDX-methanol solution onto the soil as it was mixing for more uniform incorporation. The same 
natural soil was used, but Sida spinosa (prickly sida) was grown at only two levels--in soil treat-
ed with 0 mg per kg (controls) and 500 mg per kg. At 60 days, the color change was observed in 
all 7 of treated plants along with interveinal chlorosis, thus confirming the initial results.  
 In order to standardize the substrate used in pots and reduce the chances for interactions 
with soil factors, SBF-500 was used instead of natural soil as a growth medium for prickly Sida 
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spinosa (prickly sida) plants in RDX dosing experiments. SBF-500 high porosity soil-less plant 
medium is a standard greenhouse mix manufactured by Sun Gro Horticulture, Canada, Ltd.  
 The natural-soil bulk density was 1.6 kg per L, whereas, in contrast, the SBF-500 medi-
um had a bulk density of 0.6 kg per L. According to Talmage et al. (1999), 250 mg per kg of 
RDX is the No Observable Effect Level (NOEL) for a typical soil. The natural soil was about 
three times denser than the SBF-500. Adjusting dosage levels according to volume, it was deter-
mined that plants must reach a minimum threshold of contamination, which is between 150 and 
160 mg per L. Plants (28) that were grown in either natural soil or SBF-500 medium above this 
minimum threshold of contamination changed so that leaf margins reddened and there was inter-
veinal chlorosis at flowering stage.  
 In all subsequent studies, the soil medium was switched at the transplant stage from SBF-
500 in flats on the mist bench to a steam-sterilized potting soil made of standard greenhouse 
ground bed mix (10 parts coarse silica quartz sand to 3 parts prairie mollisol loam soil)--a stand-
ard deep bed soil used in greenhouses. This soil has a bulk density of 1.5 kg per L, which is simi-
lar to natural soils. The soil steam pasteurization process reduces the potential for soil biotic ef-
fects. Usage of this soil caused the color change to occur at 100 mg per kg of RDX, which was 
consistent with other studies.  
 Due to results of the study cited two paragraphs above, in all of the studies RDX was not 
dissolved in methanol but was ground by mortar and pestle. It was then added as a dry powder 
into the concrete mixer that contained the steam-sterilized potting soil. In an associated trial, 
RDX was added as a powder to the surface of the soil to bring it to the threshold level at the 
normal time of flowering for S. spinosa (60 days). Red pigmentation of leaves occurred two 
weeks after RDX exposure at levels above the pigmentation threshold and the results were the 
same as in the regular treatment regime with a continuous soil admixture of RDX during the 
vegetative growth stage.  
 The red pigment production in S. spinosa was associated with the transition from the 
vegetative to the reproductive stage after a normal period of vegetative growth of 60 days. S. spi-
nosa are short-day plants, which means they become reproductive after the summer solstice with 
decreased photoperiod. Early flowering in the greenhouse studies during naturally short days of 
winter was prevented with supplemental lighting and by turning on supplemental lights for 2 
hours in the middle of the dark period to interrupt the dark cycle. Supplemental lighting was used 
as to maintain an 15-hour photoperiod (0600-2100 hours) with a two-hour interruption of the 
dark period (0100-0300). Flowering was induced 60 days after treatment of the plants with RDX 
by eliminating the night cycle disruption. Flowering, thus prevented, allowed the plant to grow 
long enough and attain sufficient vegetative growth prior to a decrease in photoperiod to allow a 
normal transition to the reproductive state necessary for pigmentation of S. spinosa exposed to 
RDX.  
 Allowing the plant to become reproductive under decreasing photoperiods prior to 60 
days of vegetative growth did not allow the red pigmentation of leaves to occur. In a study of 21 
Sida spinosa (prickly sida) plants grown at RDX dosing levels of soil of 100, 500, and 1000 mg 
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per kg in a greenhouse environment with decreasing photoperiod, flowering occurred after only 
30 days and no red pigmentation developed. The ideal age for flower induction was about 60 
days.  
DISCUSSION 
Red pigmentation in plants usually comes from one of two sources--anthocyanin, being the 
most common, and betalains, which is commonly found in beets, as well as about 12 other plant 
families (Personal Communication; David Seigler, Department of Plant Biology, University of 
Illinois). Because S. spinosa is in the Malvaceae family, which is not one of the plant families 
that produce betalains, it was deduced that red pigmentation of leaves in this study was due to 
anthocyanin production. The presence of the anthocyanins appears to have no effect on the RDX 
concentration (Reynolds et al. 2013). 
In an unpublished study reviewed in Nature (Nelson 2004), genetically modified Arabidopsis 
thaliana (thale cress) was proposed as a bioindicator of explosives. However, in later field trials, 
red pigmentation in this genetically modified plant was found to result from any additional nitro-
gen source. The article that contained this research was reviewed in Nature (Nelson 2004) but 
was never itself published. This suggests that nitrogenous substances from the breakdown of ex-
plosives improved nitrogen fertility. This led to false positives when the plants came in contact 
with nitrogen in the environment, not just explosives. 
 In all S. spinosa studies, both controls and the treatment plants were fertilized equally and at 
a high fertility level with a nitrogen-rich fertilizer. It was observed that no controls in any study 
exhibited red pigmentation in any leaf tissue.  
Contrary to assumptions of Simini et al. (1995) and Best et al. (2007), there was no need to 
dissolve RDX in methanol to simulate natural aging/weathering that occurs in the field.  
 The use of RDX with a low HMX concentration, coupled with the low solubility of 
HMX, indicates little likelihood that HMX was a factor in the color change.  
 It was observed that the red color change only occurred at the time that the plant was en-
tering its reproductive phase, about 60 days after transplanting. If the plant became reproductive 
too early, no color change was observed. S. spinosa is a short-day plant and flowers when the 
length of the day is less than its critical photoperiod. The plant can be held in its vegetative state 
by turning on supplemental lights in the middle of the dark period.  
 The results confirm that the red pigmentation of leaf margins (Figure 11) at a normal 60-
day flowering stage controlled by photoperiod of S. spinosa can be induced consistently under a 
variety of bioassay conditions and results seem to be little affected by substrate type. The pat-
terns of red coloration and interveinal chlorosis exhibited in leaves of S. spinosa were consistent 
with the patterns of labeled RDX concentrations observed in leaves, as found by Brentner et al. 
(2010). This is further supported by Reynolds et al. (2013) findings that indicate that RDX is 
translocated preferentially to the margins of the leaves of coleus plants. Field testing of S. spi-
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nosa in RDX contaminated soils is the next step in determining the practical utility of a S. spi-
nosa bioassay.  
ENVIRONMENTAL, CHEMICAL AND HORMONE EFFECTS ON RED 
PIGMENTATION OF SIDA SPINOSA (PRICKLY SIDA) 
Introduction  
Chemical, Genetic, Physical and Environmental Aspects of Pigmentation 
 To evaluate whether or not other energetic compounds, e.g. TNT, would also produce a 
red color change in S. spinosa, experiments were run with soil treated with TNT.  
S. spinosa is in the plant family Malvaceae. To determine the ability of other species in 
this family to produce red pigmentation in the leaves when exposed to RDX, several species of 
this plant family were grown in soil treated with RDX to check for red pigment development 
similar to that of S. spinosa.  
Several experiments were conducted to determine if exposing RDX treated and untreated S. 
spinosa plants to plant hormones would change the presentation of the red color in the leaves. 
Flowering of plants is associated with hormonal changes. Red pigmentation of S. spinosa ex-
posed to RDX occurs only at the time of flowering. Abscisic acid induces leaf senescence, which 
can also be associated with leaf color change in plants. Cytokinins usually counteract and delay 
senescence. This presents the possibility that cytokinin treatment might inhibit the presentation 
of the red color in the leaves. Gibberellic acid has been associated with inducing flowering in 
plants (Ranwala 2003, 1999, 1998). It is possible that this hormone might change S. spinosa 
pigmentation with RDX treatment. 
 To further test whether or not the red coloration at flowering of S. spinosa was uniquely as-
sociated with RDX, or rather just a common response to plant stress, a series of physical stress 
tests were designed to test for induction of the color change in S. spinosa plants.  
The first stress test was simulated herbivory of the leaves by piercing them multiple times 
with a dissecting needle. This type of leaf damage has been associated with plants producing hy-
drogen peroxide at the site of injury (Gould et al. 2002). Thus, if the red color was an antioxidant 
response to hydrogen peroxide, this might trigger the color change to appear.  
 Next, stressing the plant by flooding the roots was explored. Flooding leads to reduced 
gas exchange between the plant tissue and the atmosphere, because gases, particularly oxygen, 
diffuse 10,000 times more slowly in water than in air (Armstrong 1979). Oxygen deprivation by 
flooding is probably the primary signal triggering the stress response (Jackson and Colmer 
2005), and it induces ethylene biosynthesis (Vriezen et al. 1999; Komatsu et al. 2009) in plants. 
Under limiting oxygen conditions, energy metabolism is shifted from oxidative to mainly alco-
holic fermentation (Smith and ap Rees 1979). The enzymes that catalyze alcoholic fermentation 
are key for energy production under hypoxic conditions (Tougou et al. 2012). This seems to be a 
common phenomena as other researchers have found similar results in maize (Johnson et al. 
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1994), barley (Harberd and Edwards 1982), Arabidopsis thaliana (Jacobs et al. 1988), and rice 
(Matsumura et al. 1995, 1998).  
 Flooding stress imposed on a flood-tolerant tree, Acer saccharinum L. (silver maple), 
caused a reversible red pigmentation of leaves (Kaelke and Dawson, 2003). This stress response 
led us to explore flooding stress as a possible means of inducing red pigmentation in S. spinosa.  
 A water deprivation stress treatment was also included as one of the types of stress. 
Drought stress can significantly increase anthocyanin levels (red pigmentation) (Chalker-Scott 
1999). Without available water, transpiration slows down. This in turn causes changes in plant 
metabolism. Chalker-Scott (1999) observed that flooded trees showed anthocyanin increases in 
their leaves; she hypothesized that it was probably in response to the secondary drought stress 
imposed upon leaves by depressed root function. 
METHODS AND RESULTS 
TNT Dosing 
 S. spinosa seeds were acquired from Azlin Seed Service, Leland, MS. The seeds were 
sown in multi-cell trays using SBF-500 high porosity soil-less plant medium (Sun Gro Horticul-
ture Canada Ltd.) greenhouse mixture and placed on a mist bench with natural light. When plants 
had two true, well-formed leaves, they were transferred to pots measuring 16.8 cm in diameter 
by 14 cm in height and containing approximately 2240 grams (approx 1.3 Liters) of soil.  
 Dry TNT, supplied by BAE System, Ordnance Systems Inc., Holston Army Ammunition 
Plant, Kingsport, TN, manufactured at Radford Army Ammunition Plant, Radford, VA, was 
ground with a mortar and pestle into a fine powder. TNT was then mixed into a steam-sterilized 
standard greenhouse ground bed mix (10 parts coarse silica quartz sand to 3 parts prairie mollisol 
loam soil) to prepare three levels of soil treatments of 10, 50, and 100 mg TNT kg DW. Mixing 
was accomplished by using a concrete mixer for at least 20 minutes in order to distribute the 
TNT throughout the soil. Soil was then added to pots and labeled with appropriate soil treatment 
level. The plants were then transplanted from mist bench to the pot. In addition to 7 control 
plants, there were 7 plants for each of the 3 treatment levels. They were then moved to the 
greenhouse.  
 Plants were watered and fertilized weekly using a solution (PLANTEX 20-20-20 Water 
Soluble Fertilizer, Plant Products Company, LTD. Brampton, Ontario, Canada) containing 250 
ppm 20% N (as 10% urea (NH2)2CO; 6% nitrate NO3 and 4% ammonia NH3), 20% P (as phos-
phate P2O5), and 20% K (as potash K2O) with micronutrients to pot saturation throughout the 
growing period. They were kept at temperatures of 28o C daytime (0600-1800 hours) and 21.1o C 
nighttime (2200–0400 hours). Experiments employed a 2-hour light interruption (0100-0300 
hours) of the 2100-0600 dark cycle. The 0600-2100 photo period was extended morning and 
evening by supplemental lighting as needed with 1000-watt sodium vapor lamps suspended at 
2.0 meters over the pot surface. At 60 days the 2-hour dark cycle interruption was stopped, 
changing the light to dark period ratio so as to induce flowering.  
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 Plants were grown to maturity and were observed on a daily basis for red coloration of 
the leaves. No red pigmentation was observed in any plants, treatment or control. 
Pigmentation Bioassay for Other Malvaceae 
 Gossypium hirsutum L. (cotton (DP174 RF)) seeds were acquired from Prof. Tom Barber, 
Cotton Specialist, University of Arkansas Division of Agriculture, Little Rock, AR. Abelmoschus 
esculentus (L.) Moench (okra) seeds were acquired from Ferry-Morse Seed Co., Fulton, KY, and 
velvetleaf (Abutilon theophrasti Medik.) seeds were acquired from Azlin Seed Service, Leland, 
MS.  
 The seeds were sown in multi-cell trays using SBF-500 high porosity soil-less plant me-
dium (Sun Gro Horticulture Canada Ltd.) greenhouse mixture and placed on a mist bench with 
natural light. When the plants had two true, well-formed leaves, they were transplanted to pots 
measuring 16.8 cm in diameter by 14 cm in height and containing approximately 2240 grams 
(approx 1.3 Liters) of soil.  
 Dry RDX, supplied by BAE System, Ordnance Systems Inc., Holston Army Ammunition 
Plant, Kingsport, TN (low HMX (indicated 1 percent HMX)) was ground with a mortar and pes-
tle into a fine powder. RDX was then mixed into a steam-sterilized standard greenhouse ground 
bed mix (10 parts coarse silica quartz sand to 3 parts prairie mollisol loam soil) to prepare three 
levels of soil treatments of 100, 500, and 1000 mg RDX per kg DM. Mixing was accomplished 
by using a concrete mixer for at least 20 minutes in order to distribute the RDX throughout the 
soil. Seven seedlings were randomly assigned to each of the 3 treatment levels and the control.  
 Plants were watered and fertilized weekly using a solution (PLANTEX 20-20-20 Water 
Soluble Fertilizer, Plant Products Company, LTD. Brampton, Ontario, Canada) containing 250 
ppm 20% N (as 10% urea (NH2)2CO; 6% nitrate NO3 and 4% ammonia NH3), 20% P (as phos-
phate P2O5), and 20% K (as pot ash K2O) with micronutrients to pot saturation throughout the 
growing period. They were kept at temperatures of 28o C daytime (0600-1800 hours) and 21.1o C 
nighttime (2200-0400 hours). Experiments employed a 2-hour light interruption (0100-0300 
hours) of the 2100-0600 dark cycle. The 0600-2100 photoperiod was extended morning and 
evening by supplemental lighting as needed with 1000-watt sodium vapor lamps suspended at 
2.0 meters over the pot surface. At 60 days the 2-hour dark cycle interruption was stopped, 
changing the light to dark period ratio so as to induce flowering.  
 Plants were grown to maturity and were observed on a daily basis for red coloration of 
the leaves. No red pigmentation was observed in any plants, treatment or control. 
Hormone Treatments 
 S. spinosa seeds were acquired from Azlin Seed Service, Leland, MS. The seeds were 
sown in multi-cell trays using SBF-500 high porosity soil-less plant medium (Sun Gro Horticul-
ture Canada Ltd.) greenhouse mixture and placed on a mist bench with natural light. When plants 
24 
had two true, well-formed leaves, they were transferred to pots measuring 16.8 cm in diameter 
by 14 cm in height and containing approximately 2240 grams (approx 1.3 Liters) of soil.  
 Dry RDX, supplied by BAE System, Ordnance Systems Inc., Holston Army Ammunition 
Plant, Kingsport, TN (low HMX (indicated 1 percent HMX)) was ground with a mortar and pes-
tle into a fine powder. RDX was then mixed into a steam-sterilized standard greenhouse ground 
bed mix (10 parts coarse silica quartz sand to 3 parts prairie mollisol loam soil) to prepare three 
levels of soil treatments of 100, 500, and 1000 mg RDX per kg DW. Mixing was accomplished 
by using a concrete mixer for at least 20 minutes in order to distribute the RDX throughout the 
soil. Seven seedlings were randomly assigned to each of the 3 treatment levels and the control.  
 Plants were watered and fertilized weekly using a solution (PLANTEX 20-20-20 Water 
Soluble Fertilizer, Plant Products Company, LTD. Brampton, Ontario, Canada) containing 250 
ppm 20% N (as 10% urea (NH2)2CO; 6% nitrate NO3 and 4% ammonia NH3), 20% P (as phos-
phate P2O5), and 20% K (as potash K2O) with micronutrients to pot saturation throughout the 
growing period. They were kept at temperatures of 28o C daytime (0600-1800 hours) and 21.1o C 
nighttime (2200-0400 hours). Experiments employed a 2-hour light interruption (0100-0300 
hours) of the 2100-0600 dark cycle. The 0600-2100 photoperiod was extended morning and 
evening by supplemental lighting as needed with 1000-watt sodium vapor lamps suspended at 
2.0 meters over the pot surface. At 60 days the 2-hour dark cycle interruption was stopped, 
changing the light to dark period ratio so as to induce flowering. 
Abscisic Acid 
 Plants at least 45 days in age (after the first true leaf had fully expanded), were divided 
into four groups which were replicated five times: (1) a non-RDX-dosed, non-treated group, (2) 
an RDX-dosed non-treated group, (3) a group that is non-RDX-dosed and treated, and (4) a 
group that is RDX-dosed and treated. Groups 1 and 2 were the control group, which was not sub-
jected to any stressors. Groups 3 and 4 were sprayed with abscisic acid.  
 Abscisic acid (ABA) (C15H20O4) from Sigma Aldrich SKU# A1049, which has a molecu-
lar weight of 264.32, was used. The aqueous carrier solution was Tween 20 at 0.12% in DI water. 
Abscisic acid stock solution was added to the carrier solution until a concentration of 0.1 mM 
was reached (Weaver et al. 1998).  
 Using a spray bottle, the upper sides of the leaves were sprayed, coating each leaf until 
saturated (the solution dripped off easily). Circular soil covers were constructed of heavy card-
board slightly larger than the diameter of the pot with a center hole the size of the plant stem and 
a slit from this hole to one edge. The soil cover was placed on the soil surface of the pot to pre-
vent soil loss when pots were tipped to spray leaves. The plants were then turned on their sides, 
rotating as needed, so that the underside of all leaves could be sprayed as well. Then the pot was 
turned back upright, allowing the plant to air dry, after which it was returned to the greenhouse 
bench. 
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 From hormonal treatment at age 45 days until age 84 days, the plants were observed on a 
daily basis for red coloration of the leaves and the stems. Red pigmentation was observed in the 
plants dosed with RDX but not in any of the non-RDX dosed plants. There was no interaction 
between RDX dosing and the hormonal stress in treated plants.  
Cytokinins 
 S. spinosa plants were prepared in the same manner as described for the abscisic acid 
study. Plants at least 45 days in age (after the first true leaf had fully expanded), were divided 
into four groups which were replicated five times: (1) a non-RDX-dosed, non-treated group, (2) a 
RDX-dosed non-treated group, (3) a group that is non-RDX-dosed and treated, and (4) a group 
that is RDX-dosed and treated. Groups 1 and 2 were the control group, which was not subjected 
to any stressors. Groups 3 and 4 were sprayed with cytokinin.  
 Cytokinin (C12H11N5), from Sigma Aldrich SKU #B3408, which has a molecular weight 
of 225.25, was used. The aqueous carrier solution was Tween 20 at 0.12% in DI water. Cytokin-
ins N6-benzyladenine (Liu et al. 2001, White et al 2008, Peltonen-Sainio 1997, Weaver et al. 
1998) was dissolved in 1 M sodium hydroxide (NaOH) before making an aqueous solution. Cy-
tokinin stock solution was added to the carrier solution until a concentration of 0.11 mM (µM) 
cytokinins was reached. 
 Plants were sprayed as described previously for the abscisic acid study, and then observed 
on a daily basis for red coloration of the leaves and the stems. Plants were observed from hormo-
nal treatment at age 45 days until age 84 days. Red pigmentation was observed in the plants 
dosed with RDX but not in any of the non-RDX dosed plants. There was no interaction between 
RDX dosing and the hormonal stress in treated plants.  
Gibberellic Acid 
 Sida spinosa (prickly sida) plants were prepared in the same manner as described for the 
abscisic acid study. Then plants at least 45 days in age (after the first true leaf had fully expand-
ed) were divided into four groups which were replicated five times: (1) a non-RDX-dosed, non-
treated group, (2) a RDX-dosed non-treated group, (3) a group that is non-RDX-dosed and treat-
ed, and (4) a group that is RDX-dosed and treated. Groups 1 and 2 were the control group, which 
was not subjected to any stressors. Groups 3 and 4 were sprayed with gibberellic acid.  
 Gibberellic acid (GA3) (C19H22O6) from Sigma Aldrich SKU# 48870, which has a molec-
ular weight of 346.37 grams per mole, was used (Ranwala 2003, 1999, 1998). The aqueous carri-
er solution was Tween 20 at 0.12% in DI water. Gibberellic acid stock solution was added to the 
carrier solution until a concentration of 0.072 mM gibberellic acid was reached.  
 From hormonal treatment at age 45 days until age 84 days, the plants were observed on a 
daily basis for red coloration of the leaves and the stems. Red pigmentation was observed in the 
plants dosed with RDX but not in any of the non-RDX dosed plants. There was no interaction 
between RDX dosing and the gibberellic acid stress in treated plants.  
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STRESS TESTS 
Simulated Herbivory 
 Sida spinosa (prickly sida) plants were prepared in the same manner as described for the 
abscisic acid study. Plants at least 45 days in age (after the first true leaf had fully expanded), 
were divided into four groups which were replicated five times: (1) a non-RDX-dosed, non-
treated group, (2) a RDX-dosed non-treated group, (3) a group that is non-RDX-dosed and treat-
ed, and (4) a group that is RDX-dosed and treated. Groups 1 and 2 were the control group, which 
was not subjected to any stressors. Groups 3 and 4 were subjected to leaf damage in order to 
simulate herbivory.  
 The leaf damage was accomplished by inserting straight sewing pins through a hard foam 
block used to press the pins through the leaf into a backing piece of soft foam block in order to 
consistently make at least 20 holes per leaf. Each plant had at least 7 leaves subjected to this 
treatment. 
 From leaf damage treatment at age 45 days until age 84 days, the plants were observed on 
a daily basis for red coloration of the leaves and the stems. Red pigmentation was observed in the 
plants dosed with RDX but not in any of the non-RDX dosed plants. There was no interaction 
between RDX dosing and the leaf damage stress in treated plants.  
Flooding 
S. spinosa plants were prepared in the same manner as described for the abscisic acid 
study. Plants at least 45 days in age (after the first true leaf had fully expanded) were divided into 
four groups which were replicated five times: (1) a non-RDX-dosed, non-treated group, (2) a 
RDX-dosed non-treated group, (3) a group that is non-RDX-dosed and treated, and (4) a group 
that is RDX-dosed and treated. Groups 1 and 2 were the control group, which was not subjected 
to any stressors. Groups 3 and 4 were subjected to flood stress. 
To simulate flood stress, the plants in the treatment group were placed in tubs filled with 
water to the level of the soil surface. The soil was maintained in this waterlogged state for about 
5 weeks when final observations were made.  
 From flood treatment starting at age 45 days until age 84 days, the plants were observed 
on a daily basis for red coloration of the leaves and the stems. Red pigmentation was observed in 
the plants dosed with RDX but not in any of the non-RDX dosed plants. The only interaction be-
tween the flood stress and plants dosed with RDX (Group 4) was that the plants that changed 
color maintained their leaf color for about one week longer than the unflooded RDX-dosed con-
trols (Group 2).  
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Water Deprivation 
 S. spinosa plants were prepared in the same manner as described for the abscisic acid 
study. Plants at least 45 days in age (after the first true leaf had fully expanded) were divided into 
four groups which were replicated five times: (1) a non-RDX-dosed, non-treated group, (2) a 
RDX-dosed non-treated group, (3) a group that is non-RDX-dosed and treated, and (4) a group 
that is RDX-dosed and treated. Groups 1 and 2 were the control group, which was not subjected 
to any stressors. Groups 3 and 4 were subjected to water deprivation stress.  
 Plants in the treatment group were subjected to water deprivation conditions by withhold-
ing water. When the wilting point was reached, they were watered one time to field capacity (i.e., 
until water runs out the bottom of the pot). Then the plant was returned to the segregated area to 
repeat the simulated water deprivation cycle.  
 From water deprivation treatment starting at age 45 days until age 84 days, the plants 
were observed on a daily basis for red coloration of the leaves and the stems. Red pigmentation 
was observed in the plants dosed with RDX but not in any of the non-RDX dosed plants. There 
was no interaction between RDX dosing and the water deprivation stress in treated plants.  
NATURE OF THE RED PIGMENT PRODUCED BY SIDA SPINOSA  
(UPON EXPOSURE TO RDX) 
Introduction  
 As most all red pigment in plants comes from one of two sources, anthocyanin being the 
most common, and betalains, which is commonly found in beets, as well as about 12 other plant 
families. S. spinosa is in the Malvaceae family, which is not one of the plant families that pro-
duce betalains. Thus it is reasonable to assume that the red foliar pigment(s) developed in S. spi-
nosa dosed with RDX is an anthocyanin or anthocyanins. Nonetheless, to further substantiate 
this assumption, a basic measurement of pigmented leaf fluorescence characteristics was made. 
Also, the red plant pigment was extracted and subjected to NMR to identify the pigment.  
METHODS AND RESULTS 
Fluorescence 
 S. spinosa plants were prepared in the same manner as described for the abscisic acid 
study. Pigmented leaves were examined under UV radiation of to see if fluorescence typical for 
anthocyanins could be detected. The samples were obtained by randomly stripping a dozen fully 
expanded leaves from the stems. The leaves were rinsed in distilled water and then blotted dry. 
Samples were placed in Ziplock storage bags and then placed in brown paper bags to protect 
them from UV radiation. Within an hour of sampling, the leaves produced a visible fluorescence 
when a hand-held long-wave length lamp of 360 nm was used, but no fluorescence was observed 
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when a lamp producing light at 300 nm was used. This supports the idea that the red pigment of 
S. spinosa leaves is an anthocyanin. 
HPLC/NMR/Mass Spectrometry Analysis 
 S. spinosa plants were prepared in the same manner as described for the abscisic acid 
study. Plant tissue was harvested by stripping fully-expanded leaves from the stems of multiple, 
red-pigmented plants to provide bulk samples of approximately five grams dry mass per plant. 
Leaves were rinsed in distilled water, blotted dry, then placed into a 600 ml beaker. The leaves 
were then mixed with enough DI water to cover the sample. The leaf samples from the control 
plants were homogenized first, followed by the leaf samples of RDX treated plants from the next 
three levels, lowest to highest. The homogenizing head was thoroughly rinsed in a beaker of DDI 
water between the processing of each sample. The order in which the samples were homogenized 
was done as an additional precaution above and beyond washing of the homogenizing equipment 
to minimize contamination of subsequent tissue samples.  
 An Ika T-18 Basic Ultra Turrax (Wilmington, NC) was used, beginning at 500 rpm and 
slowly increasing to 7,500 rpm, to grind the sample until it was transformed to a frothy paste, 
avoiding sample temperature increases above 40o C.  
 The homogenized samples were covered with Parafilm and placed in a lab freezer (-40o 
C) until frozen (approximately 3-4 hours). Samples were prepared for the freeze drier by poking 
holes in the Parafilm. These samples were then freeze dried until no ice remained in the sample 
(approximately 2 to 4 days).  
 The freeze dried tissue “cakes” were divided into 4 portions. Each portion was crushed 
into a fine powder which was placed into a test tube and covered with solvent (70% methanol 
and 30% DI water), mixed for 1 minute using a vortex mixer, and then soaked for 18 to 24 hours. 
Samples were protected from UV radiation by storing them in the dark.  
 The samples were vortexed again for 1 minute, then filtered through a Whatman #2 125 
mm filter that was pre-wetted with solvent (70% methanol and 30% DI water). The plant materi-
al was poured into the filter apparatus and allowed to filter by gravitational settling. In order to 
get the maximum amount of extract, any plant material left in the bottom of the test tube in 
which the samples had soaked overnight was re-suspended by pouring already filtered liquid into 
the tube and then refiltering through the previously-used filter.  
 Samples were next filtered through a Nalgene 45μm nylon filter attached to a 10 ml sy-
ringe. The filtered samples were captured in a screw top test tube. This process was repeated us-
ing a Nalgene 20μm nylon filter. Next the solvent from the filtered samples was evaporated un-
der a stream of nitrogen.  
 When all of the liquid had evaporated, deuteriated methanol (D2H2O), methanol-d4, D, 
99.8%, contains 0.05% v/v TMS, DLM-24tb, Cambridge Isotope Laboratories, Inc., was added 
to each test tube and then vortexed for 1 minute. The samples were allowed to settle for 1 hour. A 
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1½ inch, 20-gauge needle and a 1 ml syringe was used to draw a sample of the filtrate out of the 
test tube and place it in an NMR tube. The remaining filtrate was archived.  
 Once in the NMR lab, the methanolic extract was further purified by successive applica-
tions of an ion-exchange resin. Two peak HPLC eluates were analyzed via mass spectrometry. 
Proton NMR and hydrogen carbon correlation spectra of the sample dissolved in CD3OD were 
also obtained. Methodology follows that of Wrolstad (2012). 
 The HPLC/Mass spec data indicates that two major components exist in the sample: one 
elutes at 0.72 minutes and the other elutes at 3.15 minutes (50% to 95% gradient; ESI+ detec-
tion). Both chromatogram peaks are relatively broad, implying that each must be a mixture. The 
peak at 0.72 minutes yields a mass of 380 amu, and the one at 3.15 minutes gives a mass of 480 
amu at the highest peak (~3.10 minutes), and gives different mass numbers when moving along 
the peak profile, for example the mass is 595 at 3.56 minutes (other peaks at 496 amu, 506 amu, 
and 943 amu). Again, this suggests the sample is a mixture. Typically, the amu is taken as molec-
ular weight of the molecule in grams per mole (g per mol).  
 Based on integration of the proton spectrum, the information of the 1H-13C HSQC as well 
as COSY spectrum, only one major compound was observed. The peaks at (3.27, 47.88 ppm) are 
from the CD3OD solvent. The peaks at (3.79, 65.81 ppm), and (3.24, 52.23 ppm) are from Plu-
chine salt (betaine or lycine salt). The peaks at (3.17, 74.3 ppm) and (3.17, 52.9 ppm) are proba-
bly from impurities. Therefore, a total of eight aliphatic CH groups, three CH2 groups, and one 
aromatic CH peak were observed. The 5 aromatic CH has an integration value twice as large as 
the aliphatic CH, suggesting the presence of two aromatic CH groups in the molecule. In addi-
tion, both direct-detected 13C and 1H-13C HMBC spectra show a strong 13C chemical shift at 
103.9 ppm, indicating an additional CH group with proton chemical shift resonances around 4.86 
ppm which was suppressed by water saturation, and thus couldn’t be observed in 1H spectrum. 
All these information together with the COSY spectrum suggested that the peaks at (5.36, 92.4 
ppm), (3.39, 71.8 ppm), (3.67. 73.2 ppm), (3.78, 72.9 ppm), (3.32, 69.8 ppm) and (3.78, 3.69, 
61.0 are from CH2) are from one spin system (molecule). Further, a sugar ring, and peaks at 
(~4.86, 103.9 ppm), (4.06, 77.8 ppm), (3.99, 74.3 ppm), (3.73, 82.3 ppm), (3.59, 62.2 are from 
CH2, and are possibly two groups based on area integration data), and (3.72, 61.9: CH2) are from 
another spin system (molecule), likely a modified sugar ring. These two sugar rings are connec-
tive between (5.36, 92.4) and (~4.86, 103.9). However, the two sugars and the aromatic proton 
are connected, but what kind of aromatic structure is present in the compound cannot be deter-
mined based on the NMR and mass spec data that could be obtained from the sample. Further 
sample purification would be required to further analyze and characterize the sample. The sugar 
components of the molecules of interest are discussed in Andersen and Fossen (2003). The anal-
ysis indicates that sugars connected to an aromatic structure are consistent with anthocyanin. Re-
sults were indeterminate for any specific anthocyanin, but were consistent with spectral results 
for anthocyanins as a group.  
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DISCUSSION 
 Soil dosing with RDX at levels found in contaminated soils of military training sites was 
the only method tried that induced the red pigmentation of leaf margins of S. spinosa (Figure 12). 
Plant density in a pot, other nitrogen sources, soil dosing with TNT, hormonal treatment, and 
stressing the plant in different ways all failed to induce the red pigmentation on S. spinosa. Re-
lated plants in the Malvaceae family did not respond to RDX soil treatment by changing color. S. 
spinosa was the only plant in a selected group of 30 forbs that produced the red pigmentation 
upon dosing with RDX. 
RDX Dosages 
 An RDX dosage must exceed a threshold of 160 mg per L of substrate, above which S. 
spinosa plants exhibit red pigmentation of leaf margins at flowering stage, or 60 days of age. 
This suggests a substrate-limited enzymatic reaction.  
 Dosing on the basis of soil/substrate volume (mg per L) of soil is a more accurate basis 
for dosing by mass (mg/kg) because of differences in the bulk density of soils, which often differ 
substantially from those of artificial media.  
 Previous research (Simini et al. 1995 and Best et al. 2007) stated that RDX needs to be 
“aged” before it becomes available to plants. This was intended to be accomplished by dissolving 
RDX in methanol (Best et al. 2007) in order to make the RDX more easily soluble in soil solu-
tion and absorbed by the plant.  
 In this experiment, ground RDX was placed on the surface of a soil containing flowering-
stage S. spinosa plants. In approximately 2 weeks, leaf margin reddening and interveinal chloro-
sis occurred. Apparently RDX does not need to age or weather in the soil or to be dissolved in 
methanol before it becomes available to plants in soil solution.  
 HMX is a natural contaminant in RDX due to the manufacturing process, but because it is 
also an explosive, the military does not view it as an issue. The RDX that was used had a low 
HMX concentration (1%). HMX is considered insoluble in water and is non-hygroscopic (Yinon 
and Zitrin 1993). The solubility of RDX in water is 6 g per liter of water (Yinon and Zitrin 
1993). With the differences in solubility, and the reduced amount of HMX available, HMX is not 
likely to have toxic effects like those of similar compounds such as RDX.  
 Pots can be spiked by dumping ground RDX on the soil surface. Watering moves the 
RDX to the root zone where it is taken up and induces the physiological responses resulting in 
red pigmentation in S. spinosa plants. It seems that RDX enters the soil solution and is taken up 
by plants regardless of placement of RDX in the pot. Elaborate mixing methods to produce ho-
mogeneous soil RDX mixtures may not be critical to the outcome of dosing experiments, though 
rudimentary mixing has not been precluded as a means to insure consistency of dosing-study re-
sults.  
 RDX has a relatively low solubility in water (6 g per L). In spite of this, dry RDX was 
added to the surface of a pot that contained a plant growing in soil that was treated with an insuf-
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ficient quantity of RDX below the threshold level for color change, making it incapable of induc-
ing a color change by itself. After adding the dry powder to the surface of the pot, within 2 
weeks, induction of color change and interveinal chlorosis was observed. Some buildup of RDX 
in plant tissue may have been a prerequisite for this 2 week response. Plants do not have to be 
grown continuously over a long period of time in contaminated soil in order to exhibit the color 
change, e.g., they can be contaminated when the plant is immature, up to the flowering stage, and 
still exhibit the red color development. The experiment shows that the plant does not have to be 
exposed to RDX for a long period of time (only 2 weeks after 60 days of vegetative growth) be-
fore the color change can occur.  
RDX Response of Other Malvaceae 
 S. spinosa is a member of the Malvaceae family. Select members of this family were 
treated to see if they would also exhibit this red coloration when exposed to RDX. They did not.  
 It is not uncommon for other members of the Malvaceae family to produce anthocyanins. 
One of these, Hibiscus sabdariffa, produces a red flower that is used to make an herbal tea. Also, 
some cultivars of G. hirsutum have red stems, but normally the presentation is only in the stems 
and not in the leaves. No plant that was included in this or a previous study (Chapter 2) other 
than S. spinosa exhibited red pigmentation in the leaf margins at sexual maturity when exposed 
to RDX.  
Plant Hormone Treatments 
 None of the foliar hormone treatments induced red coloration of S. spinosa leaf margins. 
Only plants treated with RDX above the threshold level produced the coloration, with or without 
hormone treatments. Plants treated with gibberellic acid did show signs of internodal elongation 
that is characteristic of plants treated with gibberellic acid (Ranwala 2003). This response would 
indicate that the gibberellic acid was being absorbed into the plant.  
Simulated Herbivory 
 The S. spinosa plants were exposed to some common physical stresses, and again there 
was no effect on the red coloration. Plants pierced multiple times to emulate insect herbivory did 
have tattered leaves, but no red pigmentation. This type of leaf damage has been associated with 
plants producing hydrogen peroxide at the site of injury. Anthocyanins are antioxidants that can 
be induced by free radicals. Thus, if the red color was an antioxidant response alone in S. spi-
nosa, then it would have triggered red pigmentation.  
Flood Stress 
 Another biological stress to which plants were exposed was flooding. There was no red 
coloration of leaves as occurred with flooding of silver maple trees (Kaelke and Dawson 2003). 
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The RDX-treated plants stressed by flooding maintained RDX-induced red coloration of leaf 
margins for approximately one week longer than leaves of non-flooded controls. This was the 
only interaction observed between RDX treatments and chemical and physical treatments. Per-
haps flooded plants have less ability to stabilize any toxic effects of RDX, or the plant relies up-
on root respiration to detoxify RDX. Another reason could be that plants under flood conditions 
stay in a reproductive phase longer. Closed stomates associated with flooding might have re-
duced xylem flow and slowed retranslocation of sugars from leaves, thereby stimulating antho-
cyanin production.  
Water Deprivation Stress 
 Water deprivation treatment did not result in an observable effect on the red coloration, 
though it did result in wilting and some leaf drop. RDX treated leaves had symptoms similar to 
those of drought-affected plants. The leaves were softer and more easily torn. The amount of cel-
lulose and hemi-cellulose were determined, as well as the mineral content of the leaves. While 
some differences were found among treatments in cellulose and hemi-cellulose contents, as well 
as mineral nutrient contents, no discreet patterns could be discerned (Table 4).  
Fluorescence Analysis to Detect Anthocyanins 
 The leaves produced a visible fluorescence when a hand-held long-wave lamp of 360 nm 
was used, but no fluorescence was observed when a lamp producing light at 300 nm was used. 
This suggests that there is one compound from the phenylpropanoid pathway accumulating in the 
leaves (Personal Communication; Raymond Zielinski, Department of Plant Biology, University 
of Illinois). Anthocyanins are produced as an offshoot of the phenylpropanoid pathway. Red col-
oration in plants also comes from the polypropanoid pathway, which would indicate that it was 
an anthocyanin. 
NMR Analysis to Detect Anthocyanins 
 The NMR data indicate the presence of compounds with a strong similarity to anthocya-
nin, but because of the complexity and diversity of compounds in the extract, it was not possible 
to determine a specific anthocyanin in the sample.  
 Since both analytical results are consistent with anthocyanins, and because the only 
common red pigments found in plants, other than betalains, are anthocyanins (Seigler 1998), the 
results indicate that the red pigments in S. spinosa are probably anthocyanins.  
 Using plants such as S. spinosa as detectors of RDX contamination might prove to be a 
cost effective sentinel system (Figure 13). S. spinosa also has potential for RDX phytoremedia-
tion. S. spinosa has a wide native range (Figure 14), therefore it can be adaptable across a wide 
range of sites.  
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 The largest source of explosive residues is areas where low-order detonations have oc-
curred. These occurrences must be located if remedial activities are to be efficient in reducing the 
mass of residues present on ranges and their potential for off-site migration. Impact areas are of-
ten quite large, and it is not practical to try to identify areas where these events have taken place 
by soil sampling. Soil and groundwater sampling and analysis are costly and often limited by on-
going range activities and conditions. In some cases, these areas can be visually located, but in 
areas with dense vegetation or areas that are inaccessible due to unexploded ordnance (UXO), 
this is not possible.  
 Plants that indicate the presence of RDX would be particularly useful as a general ener-
getic contaminant indicator where mixtures of both TNT and RDX occur. This is because the 
plant will react to the RDX long before it reacts to the slower moving TNT. A sentinel monitor-
ing system using S. spinosa to identify and assess contaminant occurrence and migration would 
be useful because it would not interfere with ongoing range activities or create an undue risk to 
personnel. One way S. spinosa could be sown would be by hydro-mulching or aerial seeding, 
thus avoiding danger from planting directly where unexploded munitions might remain. Further 
studies on the physiological mechanisms of color change in S. spinosa and the occurrence of col-
or changes in other Malvaceae are warranted. 
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ABBREVIATIONS AND ACRONYMS 
 
4-NDAB   4-nitro-2,4-diazabutanal (O2NNHCH2NHCHO) 
ABA    abscisic acid (C15H20O4) 
ACN    acetonitrile 
angiosperms  a land plant that produces seeds; commonly referred to as  
    flowering plants 
ATSDR    Agency for Toxic Substances and Disease Registry 
chiffonade   a cooking technique accomplished by stacking leaves, rolling them 
    tightly, then cutting across the rolled leaves producing fine ribbons 
cytokinin    C12H11N5 
deuteriated methanol  D2H2O or methanol-d4 
DNX   hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine  
DoD   United States Department of Defense 
downgrade  the area in which the direction of groundwater flows away from a  
    point of reference 
duds   ordnance that did not detonate due to malfunction 
energetics   explosives 
EPA   United States Environmental Protection Agency 
explosives ordnance  bombs, missiles and shells 
forbs   herbaceous flowering plants that are not grasses, sedges and rushes  
gibberellic acid (GA3)  C19H22O6 
HMX   octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine 
(HOCH2)2NNO2  dimethanolnitramine  
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HPLC   High Pressure Liquid Chromatograph 
ICAP   Inductively Coupled Argon Plasma 
IRMS   Isotope Ratio Mass Spectrometry 
low order detonation  partially or incompletely detonated ordnance 
LOEC   Lowest Observed Effect Concentration 
mass spec   mass spectrometry is an analytical technique that is used to deter 
    mine the elemental composition of a sample 
MMR   Massachusetts Military Reservation 
MNX    hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine  
MSDS    Material Safety Data Sheet 
NMR    Nuclear Magnetic Resonance spectroscopy is a research technique  
    that exploits the magnetic properties of certain atomic nuclei 
NOEL   No Observable Effect Level 
NRES   Natural Resources and Environmental Sciences, Department in the  
    College of Agriculture at the University of Illinois in Urbana, IL 
O2NNHCH2NHNO2 methylenedinitramine 
ORC    Off-Range Contaminants 
perchlorate  oxidizer commonly found in explosive compounds 
phytoextraction  the use of plants to take up, accumulate and remove   
    contaminants from the soil 
phytoremediation  the use of plants to mitigate environmental problems  
phytostabilization  the use of both plants and soil amendments to prevent the   
    contaminants associated with soil particles from moving out of the  
    area 
RDX    Royal Demolition eXplosive; Hexahydro-1,3,5-trinitro-1,3,5- 
    triazine 
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screening benchmark a standardized set of assessments to establish a set of values  
    on a subject against which other things can be compared 
terminus depth  the deepest point in a well  
TNT   2,4,6-Trinitrotoluene 
TNX    hexahydro-1,3,5-trinitroso-1,3,5-triazine  
UXO    UneXploded Ordnance 
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APPENDIX A 
LABORATORY ANALYSIS AND MATERIALS USED 
 
 
Great Lakes Laboratory analysis 
 
Plant tissue samples were analyzed by A & L Great Lakes Laboratories, Inc., Fort Wayne, IN, 
(www.algreatlakes.com) using: Total Nitrogen – Dumas Method (Nitrogen by Combustion or 
Nitrogen by Thermal Conductance.) AOAC 968.06; Nitrate and Nitrite Nitrogen – Cadmium Re-
duction and Colorimetric analysis by Flow Injection system using a Lachat instrument. AOAC 
968.07; Mineral Digestion – Open Vessel Microwave SW846-3050B; Mineral Analysis – Induc-
tively Coupled Argon Plasma (ICAP) AOAC 985.01. Silicon – Digested by EPA 3050b; Ana-
lyzed by EPA 6010b (ICP). mixer, 
 
 
 
Materials used: 
 
R Core Team, 2012 
http://tarwi.lamolina.edu.pe/~fmendiburu/ 
 
#620 silica quartz sand from: Best Sand Corporation Chardon, OH  
 
Strata and strata-X high quality Solid Phase Extraction (SPE) products provide high recover-
ies and clean extracts from various sample matrices. Normal phase filter; Strata FL-PR Florisil 
(170 µm, 80 Å) 500mg/6mL 30/box Part Number: 8B-S013-HCH. 
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Table 1: Cyclic secondary metabolites of selected plants that contain NOx, similar to RDX.  
These plants were selected for the possibility that they would tolerate and/or sequester RDX as 
they do their own secondary compounds
Eschscholtzia californica 
Cham.
California poppy
 (S)-scoulerine
Tropaeolum majus L. nasturtium
thiohydroximic acid
NOH
SH
Coronilla varia L. crownvetch
Hiptagin
NO2
HO
NO2 NO2
NO2
O
O
O
O
O
O
O
O
O
Ilex vomitoria Aiton holly 
caffeine
B-2
Table 2a: Analysis of variance for root shoot ratios of forbs exposed to RDX soil treatments
Plant
Source of  
Variation
Degrees of 
Freedom
Mean 
Squares Pr(>F)
Abelmoschus esculentus (L.) Moench Treatment 3 9.108 0.00177
okra Residuals 24 1.339
Abutilon theophrasti Medik Treatment 3 17.443 2.00E-06
velvetleaf Residuals 23 0.917
Achillea millefolium L. Treatment 3 0.352 0.00672
yarrow Residuals 21 0.0657
Amaranthus caudatus L. Treatment 3 75.08 3.40E-05
love-lies-bleeding Residuals 47 7.54
Amaranthus retroflexus L. Treatment 3 74.46 0.00138
redroot pigweed Residuals 29 11.05
Brassica nigra L. W.D.J.Koch Treatment 3 35.65 0.184
mustard Residuals 24 20.42
Coronilla varia L. Treatment 3 0.5049 0.082
crownvetch Residuals 23 0.1993
Datura stramonium L. Treatment 3 15.785 0.0514
jimsonweed Residuals 24 5.296
Eschscholzia californica Cham. Treatment 3 0.5389 9.16E-07
California poppy Residuals 21 0.0239
Gomphrena haageana  Klotzsch Treatment 3 0.0655 0.934
strawberry fields Residuals 23 0.4606
Gossypium hirsutum L. Treatment 3 18.863 0.00195
cotton Residuals 24 2.825
Ipomoea jaegeri Pilg Treatment 3 212.63 0.00443
morning glory Residuals 25 37.95
Mirabilis L. Treatment 3 0.04553 0.00196
four o’clock Residuals 23 0.00673
Portulaca oleracea L. Treatment 3 113.6 0.412
purslane  (common) Residuals 24 114.2
Portulaca grandiflora Hook Treatment 3 113.49 0.0932
peppermint purslane Residuals 17 45.18
Sida spinosa L. Treatment 3 11.999 0.151
prickly sida Residuals 23 6.184
Solanum lycopersicum L. Treatment 3 35.64 0.00127
tomato Residuals 21 4.69
Tropaeolum majus L. Treatment 3 7.876 0.601
nasturtium Residuals 24 12.456
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Table 2b: The ratio of roots to shoots of plants treated with RDX (mg RDX per kilogram dry 
weight of soil) ranked by most to least negative affected at 1000mg RDX per Kg soil
Treatment
Plant Control 100 500 1000
Abelmoschus esculentus (L.) Moench 6.43 a 3.72 b 4.95 ab 5.55 a
okra         
Abutilon theophrasti Medik 9.87 a 6.36 b 6.96 b 6.93 b
velvetleaf         
Achillea millefolium L. 0.75 b 1.30 a 1.12 ab 1.03 ab
yarrow         
Amaranthus caudatus L. 4.45 c 10.74 a 7.60 b 7.83 ab
love-lies-bleeding         
Amaranthus retroflexus L. 8.10 b 8.38 b 10.77 b 14.61 a
redroot pigweed         
Brassica nigra (L.) W.D.J.Koch 9.85 ab 5.81 b 10.92 a 9.86 ab
mustard         
Coronilla varia L. 1.39 a 1.34 a 1.61 a 1.93 a
crownvetch         
Datura stramonium L. 9.60 a 6.67 a 6.81 a 9.02 a
jimsonweed         
Eschscholzia californica Cham. 0.24 c 0.62 b 0.69 b 1.00 a
California poppy         
Gomphrena haageana Klotzsch 3.58 a 3.36 a 3.57 a 3.49 a
strawberry fields         
Gossypium hirsutum L. 4.07 b 6.97 a 6.25 ab 7.93 a
cotton         
Ipomoea jaegeri Pilg. 4.43 b 8.06 ab 9.15 ab 16.98 a
morning glory         
Mirabilis L. 0.34 ab 0.27 b 0.40 a 0.46 a
four o'clock         
Portulaca oleracea L. 23.16 a 25.80 a 21.79 a 16.24 a
purslane (common)         
Portulaca grandiflora Hook. 17.22 a 14.73 a 15.46 a 24.97 a
peppermint purslane         
Sida spinosa L. 4.02 b 6.24 ab 6.28 ab 7.16 a
prickly sida         
Solanum lycopersicum L. 6.06 b 10.61 a 7.97 ab 11.13 a
tomato         
Tropaeolum majus L. 7.61 a 8.26 a 9.74 a 7.39 a
nasturtium         
alpha: 0.05
Means with the same letter are not significantly different.
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Table 3a: Analysis of variance for mean dry mass production of forbs exposed to RDX soil 
treatment
Degrees of 
Freedom
Mean 
Squares Pr(>F)
Abelmoschus esculentus (L.) Moench Treatment 3 15.467 0.0044
okra Residuals 24 2.731
Abutilon theophrasti Medik Treatment 3 14.79 <0.0001
velvetleaf Residuals 24 0.549
Achillea millefolium L. Treatment 3 34.466 <0.0001
yarrow Residuals 23 1.489
Amaranthus caudatus L. Treatment 3 199.14 <0.0001
love-lies-bleeding Residuals 47 0.94
Amaranthus retroflexus L. Treatment 3 0.8971 0.0144
redroot pigweed Residuals 30 0.2168
Brassica nigra L. W.D.J.Koch Treatment 3 53.4 3.41E-07
mustard Residuals 24 2.35
Coronilla varia L. Treatment 3 16.37 0.0002
crownvetch Residuals 24 1.63
Datura stramonium L. Treatment 3 49.27 <0.0001
jimsonweed Residuals 24 0.61
Eschscholzia californica Cham. Treatment 3 17.463 <0.0001
California poppy Residuals 21 0.396
Gomphrena haageana  Klotzsch Treatment 3 119.09 <0.0001
strawberry fields Residuals 24 1.56
Gossypium hirsutum L. Treatment 3 10.183 <0.0001
cotton Residuals 23 0.239
Ipomoea jaegeri Pilg Treatment 3 11.323 <0.0001
morning glory Residuals 23 0.838
Mirabilis L. Treatment 3 65.16 <0.0001
four o’clock Residuals 24 1.87
Portulaca oleracea L. Treatment 3 4.154 <0.0001
purslane  (common) Residuals 18 0.134
Portulaca grandiflora Hook Treatment 3 4.154 <0.0001
peppermint purslane Residuals 18 0.134
Sida spinosa L. Treatment 3 75.53 <0.0001
prickly sida Residuals 23 2.42
Solanum lycopersicum L. Treatment 3 6183 <0.0001
tomato Residuals 22 429
Tropaeolum majus L. Treatment 3 138.49 <0.0001
nasturtium Residuals 24 7.22
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Table 3b: Total mean dry mass of plants treated with RDX (mg RDX per kilogram dry weight 
of soil) ranked by most to least negative affected at 1000mg RDX per Kg soil
Treatment
Plant Control 100 500 1000
Eschscholzia californica Cham. 4.05 a 1.19 b 0.99 b 0.23 c
California poppyz
Datura stramonium L. 6.74 a 1.88 b 1.75 bc 0.90 c
jimsonweed
Amaranthus caudatus L. 9.25 a 1.90 b 1.51 b 1.46 b
love-lies-bleeding
Gossypium hirsutum L. 3.61 a 1.93 b 1.43 c 0.61 b
cotton
Tropaeolum majus L. 12.40 a 5.20 b 3.93 b 2.33 b
nasturtium
Portulaca grandiflora Hook. 2.13 a 0.48 b 0.28 b 0.49 b
peppermint purslane
Portulaca oleracea L. 2.13 a 0.48 b 0.28 b 0.49 b
purslane (common)
Solanum lycopersicum L. 75.05 a 20.63 b 26.12 b 20.85 b
tomatoy
Gomphrena haageana Klotzsch 11.58 a 3.08 b 3.59 b 3.35 b
strawberry fields
Abelmoschus esculentus (L.) Moench 5.44 a 3.24 b 3.26 b 1.84 b
okra
Sida spinosa L. 10.46 a 3.61 b 4.20 b 3.78 b
prickly siday
Abutilon theophrasti Medik 5.57 a 3.31 b 2.55 bc 2.46 c
velvetleaf
Brassica nigra (L.) W.D.J.Koch 10.46 a 5.26 b 4.55 b 5.09 b
mustard
Mirabilis L. 12.16 a 7.04 b 5.28 c 6.36 bc
four o'clock
Coronilla varia L. 8.84 a 5.92 bc 7.21 b 5.41 c
crownvetch
Achillea millefolium L. 11.42 a 7.40 b 6.33 b 7.64 b
yarrow
Ipomoea jaegeri Pilg. 3.59 b 5.24 a 2.04 c 2.87 bc
morning glory
Amaranthus retroflexus L. 1.12 b 1.24 b 1.48 ab 1.86 a
redroot pigweed
zmean separation conducted by row as a protected Fisher’s Least Significant Different Test with an alpha of 0.05 
yANOVA conducted on log10-transformed response variables to meet test assumptions.
Means listed are back-transformed for ease in interpretation. 
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Figure 8: Biodegradation pathways of hexahydro-l,3,5-trinitro-triazine (RDX) under 
anaerobic conditions. Path a represents reduction of RDX to the nitroso derivatives prior to ring 
cleavage and the formation of hydrazines (McCormick et al. 1985). Path b: the recently reported 
direct ring cleavage of RDX and the eventual formation of nitrous oxide as a major end product 
(Hawari et al. 2000)
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Figure 9: Reddening in leaf margins and interveinal chlorosis of Sida spinosa plants grown in 
soil dosed with RDX 
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Figure 10: Red leaf border on treated plant next to a green leaf from an untreated plant 
(treatment = soil RDX @ 500 mg per kg dry mass)
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Figure 11: Closeup of individual leaves showing reddening and interveinal chlorosis resulting 
from soil dosing with RDX
B-18
Figure 12: Closeups of individual leaves showing reddening and interveinal chlorosis 
resulting from soil dosing with RDX
B-19
Figure 13: Plants showing multiple leaves with red leaf margins and interveinal chlorosis 
resulting from soil dosing with RDX
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APPENDIX C 
PATENT INFORMATION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 









